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HIGH-TEMPERATURE  PROPERTIES  AND  ALLOYING  BEHAVIOR 
OF  THE  REFRACTORY  PLATINUM-GROUP  METALS 

by 

R.  V/.  Douglass,  F.  C.  Holden,  and  R.  I.  Jaffee 


INTRODUCTION 


This  report  covers  the  results  of  a  survey  of  the  literature  on  the  platinum- group 
metals.  The  major  emphasis  here  is  on  the  metallurgical  properties  of  the  four  more 
refractory  platinum-group  metals,  rhodium,  iridium,  osmium,  and  rutheni  'm;  how¬ 
ever,  available  information  on  platinum  and  palladium  is  also  included.  This  survey  is 
intended  to  provide  a  reference  point  for  an  investigation  of  the  metallurgical  proper¬ 
ties  ot  the  platinum  metals.  It  will  serve  as  a  guide  to  planning  experimental  work, 
both  revealing  areas  where  concentrated  study  is  needed  and  preventing  duplication  of 
previous  work.  In  general,  original  sources  were  consulted  and  are  referred  to 
throughout  the  report;  however,  in  reviewing  areas  that  are  not  of  primary  metallurgi¬ 
cal  interest,  i.e.,  occurrence,  extraction,  and  corrosion  behavior ,  information  was 
drawn  mainly  from  review  articles  in  tnese  fields.  All  references  are  included  in  a 
list  ui  references  at  the  end  of  the  report. 

A  selected  bibliography  of  papers  and  books  that  proved  to  be  of  special  help  in 
compiling  information  for  this  report  is  included  following  the  text.  These  selections 
are  useful  either  in  giving  a  broad  background  of  the  field  or  in  supplying  an  extensive 
treatment  of  a  specialized  portion  of  the  field. 


PROCESS  METALLURGY 


Geologic  Occurrence 


The  platinum  metals,  platinum,  palladium,  rhodium,  iridium,  osmium,  and 
ruthenium,  generally  are  found  together  in  nature.  The  usual  habitat  of  the  metals  is 
in  ult rabaaic  rocks  where  they  have  been  concentrated  by  magmatic  processes.  There 
are  two  principal  types  of  primary  deposits:  (1)  local  concentrations  of  the  native 
metals  with  dunite,  often  associated  with  chromite,  and  (Z)  disseminated  in  nickel- 
copper  sulfide  deposits  in  norite.  In  addition,  erosion  of  the  deposits  of  native  plati¬ 
num  metals  has  yielded  important  placer  deposits  found  in  Alaska,  Colombia,  and  the 
Soviet  Union.  Osmiridium,  a  natural  alloy  containing  osmium  and  less  than  40  per 
cent  iridium,  and  iridosmine,  containing  greater  than  40  per  cent  iridium,  are  im¬ 
portant  sources  of  these  metals  usually  found  in  South  Africa  but  also  in  Tasmania  and 
the  Soviet  Union.  ( ^  >  u> 
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The  most  important  commercial  dunitc  deposits  are  found  in  the  Ural  Mount,  ins 
of  the  Joviet  Union,  and  at  Overwacht  in  the  Transvaal  in  the  Union  of  South  Africa. 

The  most  extensive  nickel-cu^pc  :  «ulfide  deposits  yielding  the  platinum  metals  are  in 
the  norite  belt  ol  the  Bushvuld  igneouu  complex  in  the  Transvaal  and  in  the  Sudbury 
district  of  Ontario,  Canada.  The  metals  often  are  found  in  compounds  in  the  sulfite 
deposits;  coopente,  PtfAs.S)^;  sperrylite,  PtAs^,  Pd5t>3;  laurite,  RuS^;  and  braggite 
(Pt,Pd,Ni)S;  ho  vever,  in  oxide  regions  of  the  sulfide  deposits,  the  native  metals  are 
often  found .  (  ^ ) 

In  all  deposits  platinum  usually  is  found  in  the  greatest  amount,  followed  by  palla¬ 
dium.  The  Sudbury  ores  usually  yield  platinum  and  palladium  in  equal  amounts,  and 
the  natural  osmium -iridium  alloys  yield  some  platinum  and  essentially  no  palladium. 

To  show  the  quantities  and  various  sources  of  the  metals,  the  production  o)  the 
platinum-group  metals  over  a  span  of  years  is  listed  in  Table  l.(^) 

The  refractory  platinum  metals  (ruthenium,  rhodium,  iridium,  and  osmium) 
comprise  about  10  per  cent  of  the  total  platinum  metals  production.  ( ^)  Of  these ,  ruthe - 
mum  is  the  most  plentiful,  with  rhodium  next  most  plentiful,  in  the  ratio:  ruthenium  16, 
rhodium  8,  iridium  1,  and  osmium  practically  negligible.^®) 


Extraction  and  Beneficiation 


The  refining  of  the  platinum  metals  can  be  considered  in  two  steps:  (1)  concen¬ 
tration  of  platinum  metals  from  the  ore,  and  (2)  separation  of  the  individual  platinum 
metals.  For  native  platinum  and  iridosmine  only  the  second  stel  need  be  used. 

The  most  significant  world  source  of  the  platinum  metals  is  the  nickel  and  copper 
sulfate  ores  in  the  Sudbury  district  in  Canada.  These  ores  are  smelted  and  the  metal 
is  heated  with  coke  and  sodium  bisulfate  to  dissolve  the  copper  sulfide  in  preference  to 
nickel  sulfide.  On  pouring  the  melt,  two  layers  are  formed,  the  top  layer  containing 
sodium-copper  sulfide  and  very  little  precious  metal,  and  the  bottom  layer  containing 
nickel  sulfide  and  the  bulk  of  the  platinum  metal.  The  "bottoms"  are  roasted  and  the 
nickel  is  removed  by  leaching  with  sulfuric  acid,  leaving  a  residue  containing  about 
5  per  cent  platinum  metals.  The  residue  is  smelted  with  litharge,  fluxes,  and  char¬ 
coal,  which  reduce  the  lead  oxide  to  molten  lead.  The  lead,  which  acts  as  a  collector 
for  the  precious  metals,  can  be  oxidized  to  litharge,  yielding  an  ingot  with  a  high  con¬ 
centration  of  the  platinum  metals.  This  is  treated  with  boiling  concentrated  sulfuric 
acid,  which  removes  most  of  the  silver  and  about  one-third  of  the  palladium  as  sul¬ 
fates,  yielding  a  residue  of  the  platinum  metals  and  gold.O) 

This  concentrate  and  native  platinum  can  be  dissolved  in  aqua  regia  and  treated 
according  to  the  flowsheet,  Figure  1,  to  yield  the  platinum  metals  in  the  form  of 
sponge  and  powder. 
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TABU  1.  WOULD  I’UODUCTION  OF  PLATINUM -GROUP  METALS,  1948- 1952( AVERAGE)  AND  1953-1957,  IN  TKOY  OUNt.i:.s(-,)l  a) 


(Complice*  by  Augusta 

W.  Jann  and  Bernice  B. 

Mi  tdic  11) 

Count  re 

19  18-105? 
(Average) 

1953 

1954 

1955 

1956 

1957 

N'ort.i  America: 

Canada 

Platinum;  Placer  platinum  from 
refining  nkkcl-copper  mane 

135,  112 

137, 545 

154,  356 

170,  494 

151.  357 

196,  077 

Oilier  platinum-gtoup  meiab; 

Trori  refining  nickel-copper 

matie 

1G0,  32C 

166,  018 

189,350 

214,  252 

163,  451 

213,  285 

United  States: 

Placer  platinum  and  from 
domestic  gold  and  copper 
refining 

30,  655 

26  ,  072 

24,  235 

23,  170 

21.  398 

1 8 , 53  1 

Total 

326,  093 

329,  635 

367.  941 

407,  916 

336,  206 

427,  893 

South  America: 

Colombia:  Placer  platinum 

30.  598 

29,201 

28.  465 

27.  526 

26,215 

26,  000 

Europe:  U.S,  S.R.s 

Placer  platinum  and  from 
refining  nickel-copper  ores(b) 

105,  000 

100,  000 

100,  000 

125,  000 

125,  000 

125,  000 

Ada;  Japan 

Palladium  from  refineries 

234 

71 

248 

221 

218 

200 

Platinum  from  refineries 

-- 

987 

1,  347 

628 

483 

425 

Total 

234 

1,  058 

1.  595 

849 

701 

625 

Africa; 

Belgian  Congo; 

Palladium  from  refineries^ 

63 

176 

160 

325 

Erhiopia; 

Placer  platinum 

332 

566 

230 

350(b) 

300(b) 

300(' 

Sierra  Leone; 

Placer  plaiinum 

29 

5(i 

Union  of  South  Africa; 

Platinum-group  metals  from 
platinum  ores 

47.  858 

90,  292 

101,  921 

109,267 

Concentrates  (platinum-group 
metal  content  from  platinum  ores) 

96,  929 

208,  885 

236,  241 

272,  465 

484,  574 

603,  704 

Osmiridium  from  gold  ores 

6,  409 

6.  966 

6,  266 

7,  021 

6,696 

5,  361 

Total 

151,  620 

30£  '•  l  v 

344,  834 

389, 103 

491,  730 

603,  695 
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TABLE  1.  (Continued) 


Country 

1948-1952 

(Average) 

1953 

1954 

1955 

1956 

19.67 

Oceania. 

Australia: 

Placer  platinum 

5 

23 

7 

12 

20 

Placer  osmiridlum 

63 

59 

10 

21 

26 

66 

New  Guinea 

3^c) 

ti 

5 

10 

9 

1  I 

New  .lea laid: 

Placer  platinum 

2 

2 

1 

-- 

-• 

P.ipil. t  • 

Plat  er  platinum 

1 

4(0 

00 

h  tal 

G4 

67 

49 

38 

47 

100 

World  Total  (estimate) 

C1C.  COO 

775.  00C 

850.  000 

950.  000 

980.  000 

1.  190.  000 

(.1)  7  li  !>:  table  Inc  orp. 'rates  ,t  number  of  revisions  of  data  published  in  previous  platinum  chapters  of  Reference  (4).  Data  do 


no'  idd  to  totals  shown  because  of  rounding  where  estimated  figures  are  included  in  the  detail, 
(h)  I. annate. 

(e)  Include'  platinum. 

(si)  Exports. 

fe)  Average  for  4  vears,  onlv,  as  1949  w.is  the  first  year  of  commercial  production, 
fl)  Year  ended  June  30  of  sear  slated. 

(g)  l.ess  than  0.5  ounce. 
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FIGURE  1.  FLOW  SHEET  FOR  THE  RECOVERY  AND  SEPARATION  OF  THE  PLATINUM-GROUP  METALS 


6 


Coimoltilatioi)  at»i  Fabric.it ion 


I  he  platinum  mclalt*,  until  recently,  were  me  i  n  a  lime  crucible  by  direct 
heating  with  an  oxy hyd rogen  or  oxygaa  torch.  This  method,  being  the  oldest,  is  per¬ 
haps  must  wui«  l>  used,  however,  the  use  of  induction  heating  has  come  into  frequent 
use.***-*'  Arc  melting  untie r  a  vacuum  or  ,ncrt  atmosphere  would  seem  to  be  an  effi¬ 
cient  method  of  c onsol :dat  ion ,  especially  for  ruthenium  and  osmium  which  react  readily 
with  oxygen,  however,  'his  technique  has  not  found  commercial  use. 

Platinum  is  melted  m  a  neutral  or  oxidizing  atmosphere  in  a  nonreactive  crucible. 
Lime  crucibles  hud  been  useti  extensively  because  of  their  availability  and  ability  to 
withstand  high  temperatures.  Zirronia  crucibles  are  currently  used  in  many  applica¬ 
tions,  although  almost  any  of  the  common  high-melting  refractories,  such  as  alumina 
or  thoriu,  would  be  acceptable.  Ingot  molds  usually  are  made  from  graphite  or  silica, 
graphite  being  preferable  to  silica  because  of  its  good  chilling  properties.  There  are 
no  reports  in  the  literature  on  the  amount  of  superheat  necessary  to  provide  suitable 
castings . 

The  same  precautions  should  be  taken  in  choosing  and  using  a  crucible  or  ingot 
mold  us  are  taken  in  using  platinum  thermocouples  or  with  platinum  furnace  windings. 
One  important  consideration  is  to  avoid  the  use  of  a  silica  or  silica -containing  material 
in  contact  with  platinum  in  a  reducing  atmosphere.  In  addition,  a  combination  of  oil  or 
grease  with  silica  in  a  reducing  carbonaceous  atmosphere  will  result  in  some  reduction 
of  silica  to  silicon.  This  then  alloys  with  platinum  to  form  a  low-melting  grain¬ 
boundary  constituent.  ( k) 

Platinum  is  very  ductile  and  the  ingots  can  be  easily  cold  worked  directly  into  a 
variety  of  commercial  shapes.  Platinum  usually  is  forged  initially  at  about  800  C  to 
break  down  the  as -cast  grain  structure  and  to  provide  ductility.  It  is  customary  to 
anneal  platinum  above  the  recry. stallization  temperature  during  cold  working;  however, 
platinum  does  not  work  harden  very  rapidly  so  that  rather  large  reductions  of  the  order 
of  75  per  cent  between  anneals  are  possible  A  ^ )  Recent  developments  have  shown  that 
platinum  prepared  by  powde r -metallurgy  techniques  has  superior  strength  to  conven¬ 
tionally  prepared  platinum.  This  will  be  discussed  more  fully  later. 

The  melting  of  palladium  is  somev/hat  more  difficult  than  that  of  platinum.  Ex¬ 
perience  has  shown  that  palladium  melted  under  oxidizing  conditions  is  gassy  whereas 
melting  in  a  reducing  environment  results  in  ingots  that  are  hot  short  and  brittle. 

Atkinson(9)  has  studied  the  effect  of  gases  on  the  melting,  casting,  and  working 
of  palladium.  He  reported  that  the  use  of  hydrogen  as  a  deoxidizer  during  melting  re¬ 
sulted  in  very  dense  ingots,  although  it  promotes  violent  gassing  and  attendant  spatter¬ 
ing.  In  addition,  hydrogen  dissolved  m  molten  palladium  reduces  the  crucible  material 
with  resultant  contamination  of  the  melt.  Two  other  disadv?intages  associated  with  a 
hydrogen  atmosphere  are  steam  formation,  which  causes  surface  pitting  of  castings, 
ar.d  blister  formation  upon  heating  strip  in  air.  Tests  using  city  gas,  methane,  and 
acetylene  as  deoxidizers  also  showed  blistering  of  the  palladium  sheet  on  annealing  in 
air.  The  use  of  carbon  monoxide  as  a  deoxidizer  seemed  to  give  the  best  results. 

An  investigation  of  the  most  suitable  atmosphere  for  annealing  palladium  re¬ 
vealed  that  helium  and  argon  are  the  most  satisfactory,  followed  by  CO;?,  steam,  and 
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nitrogen.  Hydrogen,  in  addition  to  hardening  palladium,  also  forms  blisters  when  the 
palladium  is  saturated  with  oxygen.  Air  is  unsuitable  because  the  oxygen  reacts  .villi 
hydrogen  to  produce  blisters;  where  solid  deoxidizers  are  employed,  internal  oxidation 
becomes  a  problem. 

It  appears  that  the  use  of  solid  deoxidizers,  aluminum  and  calcium  boride,  may 
be  superior  to  gaseous  deoxidizer s(9«t) f  but  there  is  no  substantial  information  in  the 
literature  to  confirm  this  suggestion. 

Palladium,  being  soft  and  ductile,  can  be  worked  in  the  same  manner  as  platinum. 
It  is  recommended  that  palladium  be  annealed  in  an  inert  atmosphere,  such  as  nitrogen 
or  carbon  monoxide,  to  prevent  oxide  fo r mation.  ( 8) 

Rhodium  is  most  commonly  melted  by  induction  heating  under  an  inert  atmos¬ 
phere  to  prevent  oxide  formation.  ( 1  >  3)  Unlike  platinum  and  palladium,  rhodium  is 
rather  difficult  to  work,  requiring  that  initial  reductions  be  accomplished  at  hot- 
working  temperatures,  800  C  or  above.  (®)  Relatively  ductile  rhodium  can  be  produced 
by  hot  and  warm  working  at  gradually  decreasing  temperatures.  Sheet  produced  by 
this  technique  usually  can  be  cold  worked  if  the  thickness  is  less  than  0.030  inch;  how¬ 
ever,  cold  working  must  be  accompanied  by  frequent  annealing,  as  rhodium  work 
hardens  extremely  rapidly  at  room  temperature .  ( 

Recent  developments  in  electron-beam  purification  techniques  have  resulted  in 
rhodium  rods  of  sufficient  purity  to  permit  cold  w'orking  without  preliminary  hot  work¬ 
ing.  This  work  has  not  yet  been  reported  in  the  literature  and  the  little  information 
that  is  available  does  not  elaborate  on  the  process. 

Rhodium  can  be  annealed  in  air  although  a  superficial  oxide  film  is  formed  at 
temperatures  below  1100  C. 

Iridium  is  generally  prepared  by  arc-melting  or  powder-metallurgy  techniques, 
although  it  may  be  melted  ;n  lime  crucibles  under  an  oxyhydrogen  flame.  (3) 

Fabrication  data  for  iridium  prepared  by  powder-metallurgy  techniques  arc  not 
available . 

Iridium  is  perhaps  more  difficult  to  work  than  rhodium.  Ingot  breakdown  is 
usually  accomplished  at  1200  to  1500  C.  Like  rhodium,  relatively  ductile  iridium  can 
be  prepared  by  working  at  gradually  decreasing  temperatures.  Iridium  can  be  suc¬ 
cessfully  cold  worked  in  sizes  below  0.030  inch.(®) 

Ruthenium  and  osmium,  the  two  hexagonal  members  of  the  group,  are  similar 
with  respect  to  their  consolidation  and  fabrication  characteristics.  Both  are  usually 
consolidated  by  powder -metallurgy  techniques,  although  arc  melting  also  is  employed 
in  consolidating  these  metals.  Neither  of  the  metals  is  considered  truly  workable,  but 
ruthenium  has  been  forged  in  air  above  1500  C,  and  rather  small  cold  reductions,  of  the 
order  of  10  per  cent,  can  be  effected  in  the  laboratory. 

Some  success  has  been  found  in  fabricating  fine-grained  powder -metallurgy 
ruthenium;  however,  ductile  ruthenium  has  not  yet  been  produced.  Further  research 
on  electron -beam  or  floating  zone  melting  may  produce  extremely  high-purity,  fine- 
grain  material,  that  can  be  successfully  worked  to  a  usefully  ductile  material.  (1^) 
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Rh>a^Ua)  has  reported  the  results  of  some  recent  work  on  the  fabric.u  on  of 
ruthenium.  Ruthenium  powder  of  varying  purity  was  investigated  under  a  vailety  of 
sintering  and  working  temperature#  and  atmospheres.  Material  sintered  in  a  high 
vacuum  had  better  workability  than  that  sintered  in  low  vacuum  or  a  hydroget  atmos¬ 
phere.  Sintering  temperature  appeared  to  have  little  effect  on  workability  aa  long  as 
the  temperature  was  higher  than  H  O  C.  The  hot-working  temperature  also  did  not 
appear  to  be  critical,  temperatures  as  low  as  1200  C  being  satisfactory;  however, 

1450  to  1500  C  forging  temperatures  gave  optimum  results.  Workability  was  inde¬ 
pendent  of  furnace  atmosphere,  air,  hydrogen,  and  nitrogen -hydrogen,  but  ruthenium 
en  apsulnted  in  evacuated  platinum  envelopes  had  better  hot  workability  than  unpro¬ 
tected  ruthenium. 

In  general,  it  was  possible  tc  t  old  reduce  ruthenium  that  had  previously  been  hot 
worked  by  about  10  per  cent  reduction  between  anneals.  Rhys  was  successful  in  cold 
rolling  0.  0  1  0-inch -thick  strip,  however,  this  material  was  very  brittle.  The  ductility 
of  the  strip  reduced  to  0.02-inch  thickness  bv  hot  working  was  superior  to  that  of  the 
thinner  cold-rolled  strip. 

Arc-melted  ruthenium  was  found  to  have  poorer  workability  than  the  powder- 
metallurgy  ruthenium;  however,  the  arc -melted  material  of  highest  purity  co  Id  be 
worked  successfully  to  rod  and  strip. 

The  fabrication  of  osmium  has  received  much  less  attention  than  ruthenium,  and 
osmium  is  still  considered  unworkable.  It  seems,  however,  that  techniques  designed 
to  produce  ductile  ruthenium  would  also  be  beneficial  in  the  fabrication  of  osmium.  The 
fabrication  of  osmium  is  further  complicated  by  its  volatile  and  toxic  tetroxide  which 
dictates  that  e  levated- tempe  rature  working  be  done  in  an  inert  environmenk 


PHYSICAL.  PROPERTIES 


The  physical  properties  of  the  platinum-group  metals  have  been  summarised 
previously^  1,5,7,11,12)  antj  will  not  be  discussed  extensively  here  except  where  con¬ 
flicting,  or  new  data,  have  been  uncovered.  Physical-property  data  from  several 
sources  have  been  compared  and  where  there  is  agreement  the  most  extensive  source 
is  referenced.  Where  there  is  disagreement,  several  values  are  reported  or  the  most 
widely  accepted  value  is  reported. 


Atomic  Number 


Platinum  Palladium 

Rhodium 

Iridium 

Osmium 

Ruthenium 

78  46 

45 

77 

76 

44 
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Atomic  Weight 


Plallnum  Pft  lhtdium  Rhodtum  Iridium  Oamium  Ruthenium 
195.23  106.7  10*!.  91  193.1  190.2  101.7 

C lyatal  Structure 


Platinum,  palladium,  rhodium,  and  iridium  all  have  face  -  cente  red -cubic  struc¬ 
tures,  osmium  and  ruthenium  have  hexagonal  close-packed  structures.  Early  reports 
indicated  the  existence  of  two  allotropic  forms  of  rhodium  and  four  allotropic  forms  of 
ruthenium.  )  Recent  investigations  by  McCalden  and  Duwez(^)  and  Balc(^)  reported 
no  evidence  of  the  a'lotropic  transformations  previously  reported  for  rhodium  and 
ruthe  nium . 


Lattice  Constants 

The  lattice  constants  of  the  platinum- group  metals  at  20  C  are  tabulated  below:^) 


Platinum 

Palladium 

Rhodium 

Iridium 

Osmium 

Ruthenium 

a,  A 

3.9258 

3. 8825 

3.  7957 

3.  8312 

2.  7304 

2.  6987 

c  .  A 

_  __ 

_ 

_  _ 

_  _ 

4. 3104 

4. 2730 

Densit> 


Calculated  and  measured  densities  of  the  platinum  metals  at  20  C  are  tabulated 
below.  (?)  Both  density  values  are  reported.  The  measured  density  of  osmi  um  lanks 
it  as  the  most  dense  element,  although  iridium  has  the  higher  calculated  density. 


Platinum 

Palladium 

Rhodium 

Iridium 

Osmium 

Ruthenium 

Measured, 

g/cm3 

21.4 

11.9 

12.  4 

22.  4 

22.  5 

12.  2 

Calculated, 

g/cm3 

21.4 

12.  02 

12.4 

22.  65 

22.  61 

12.  45 

Melting  Point 


The  melting  points  of  the  platinum-group  metals  are  tabulated  below.  It  should 
be  printed  out  that  the  values  of  2550  and  2750  C  for  ruthenium  and  osmium,  respec¬ 
tively,  that  have  been  frequently  reported  are  not  included.  More  recent  determina- 
tions(15)  indicate  that  ruthenium  melts  at  approximately  2250  C  and  osmium  melts  at 
approximately  3000  C. 
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Platinum  Palladium  Rhodium 


Iridium  Osmium  Ruthenium 


Melting  Point,  C  P69  1552  I960 


2  2  .>000  2250 


Polling  Point 


The  approximate  boiling  points  of  the  platinum  -  group  metals  (with  the  exception 
of  platinum)  have  been  determined  experimentally .  (?)  The  boiling  point  of  platinum  was 
calculated  from  vapor  -  pressure  data.  In  addition,  values  of  the  boiling  points  of  these 
metals  calculated  by  Brewer^^  are  included. 

Platinum  Palladium  Rhodium  Iridium  Osmium  Ruthenium 
Boiling  Point,  c(7)  1530  3980  4500  5300  5500  4900 

Boiling  Point , 

Calculated,  C<16)  41u0  3440  4150  4800  4900  4500 

It  would  be  expected  from  vapor -pres sure  data  and  known  melting  points  that  the 
boiling  point  of  rhodium  would  b6  higher  than  that  of  platinum,  as  is  indicated  by  the 
data  of  Brewer. 


Specific  Heat 


The  specific  heats  of  the  platinum- group  metals  as  functions  of  temperature  are 
presented  in  Figure  2.  (7)  They  are  expressed  analytically  as  follows: 


Specific  Heat 
at  20  C,  cal/g< 1  2) 


Platinum 

0.  032 

Palladium 

0.  058 

Rhodium 

0.059 

Iridium 

0.  032 

Osmium 

0.  031 

Ruthenium 

0.  058 

Cp  =  a  +  bt  -  ct*7* 

Cp  =  0.  031678  +  6.  30574  x  10~6  t  - 
1. 624871  c  10-6  t2  (to  1400  C) 

Cp  =  0.  05841  4-  1. 5853  x  10'5t 
(to  1000  C) 

Cp  =  0.060467  +  1.8303  x  10"5  t 
(to  1000  C) 

Cp  =  0.  030725  +  7. 4004  x  10-6  t 
(to  1700  C) 

Cp  =  0.  030986  +  4.  721  x  1  0~6  t 
(to  1600  C) 

Cp  =  0.057439  +  1.8921  x  10"6t 
(to  1000  C) 
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T  he  rji\A  1  Conduct  tv  tty 


Fhf  thermal  eomluctivttici*  of  the  platinum  melnln  at  JO  C  arc  tabulated 
be  low  .(  i  >  l  - ) 


Platinum  Palladium  Rhodium  Indium  Osmium  Ruthenium 


I  he  rrna  1  Conduct  tvity  , 

c.il'(stt)!cm‘")(C/cm)  0.17  0.17  0.3b  0.33 


Thermal  Expansion 


The  thermal  expansion  of  platinum,  palladium,  rhodium,  and  iridium  as  a  func¬ 
tion  of  temperature  is  shown  in  Figure  3.(7)  The  coefficients  of  linear  expansion  be¬ 
tween  0  to  100  C  of  all  six  metals  are  given  be  low .  (  3 , 7  ,  1  2) 

Platinum  Palladium  Rhodium  Iridium  Osmium  Ruthenium 


Coefficient  of  Linear 

Expansion,  10  6/C  8 .?  1  1.7  8.5  6.5  6.6  9.6 


V apor  Pressure 


The  vapor  -  pressure  data  on  the  platinum-group  metals  have  not  been  in  general 
agreement.  In  some  instances,  the  volatilization  of  the  platinum  metal  oxides  has 
been  confused  with  volatilization  of  the  metals,  leading  to  erroneous  conclusions  as  to 
the  relative  vapor  pressure  of  the  metals. 

Some  selected  data  from  the  work  of  Brewer!  as  tabulated  by  Dushman(^) 
are  presented  below.  The  temperatures,  in  C,  necessary  to  achieve  certain  metal 
vapor  pressures  are  given. 


Temperature,  C,  at  Indicated 
_ Pressure,  microns _ 


10-2 

io-i 

1 

10 

100 

1000 

Platinum 

1606 

1744 

1904 

2090 

2313 

2582 

Palladium 

1156 

1271 

1405 

1566 

1759 

2000 

Rhodium 

1681 

1851 

1971 

2149 

2358 

2607 

Tridium 

1993 

2154 

2340 

2556 

2811 

3118 

Osmium 

2101 

2264 

2451 

2667 

2920 

3221 

Ruthenium 

1913 

2058 

2230 

2431 

2666 

2946 

These  data,  plus  information  from  other  sources,  have  been  summarized  with 
vapor  -  pres  sure  data  of  the  elements  and  their  oxides  and  carbides  from  bromine  to 
uranium  by  North  American  Aviation,  Inc.  (18)  The  data  in  this  report  are  summarized 
graphically  and  will  not  be  reproduced  here. 
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3.  THERMAE  EXPANSION  OF  THE  PLATINUM  METALS'7^ 
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H.iefling  and  D.ianc^®a)  have  recently  determined  the  vajjor  pretinure  of  palladium 
l>rtwoei.  1115  ami  MOO  C.  Their  data  lit  the  relationship  log  IL.,  =  —  *  8.  JO 

iiwii  j 

t  0.01  which  results  in  vapor  pressures  of  a  factor  of  almost  15  neater  than  previ¬ 
ously  recorded.  This  difference  is  felt  to  be  due  to  increased  accuracy  of  the  measur¬ 
ing  techniques . 


Electrical  Resistivity 


The  electrical  resistivity  of  the  metals  at  Z0  C  is  presented  below;0) 

Platinum  Palladium  Rhodium  Iridium  Osmium  Ruthenium 


Electrical  Resistivity, 

pohm-cm  10.6  10.7  4.7  5.3  9.5  (9.5)^^ 

(7.  Z)(7) 
(  14.  4)( 


The  effect  of  temperature  on  the  resistivity  of  the  four  face-centered -cubic 
metals  is  shown  in  Figure  4.^') 


Emis  sivitv 


The  effect  of  temperature  on  the  emissivity  of  the  platinum- group  metals  has  not 
yet  been  thoroughly  investigated.  The  available  data  from  several  sources  are  tabu¬ 
lated  below: 


Platinum _ _ Palladium  Rhodium  Iridium  Osmium  Ruthenium  Wavelength,  A ,  micron  References 


o.  JO 

0.33  0.24  0.30(1750  C) 

0. 65(solld) 

(7) 

1,1.  Mrt 

0.37  0.30 

-- 

0. 65(liquid) 

(7) 

0.30(1100  C) 

0.35(1000  C) 

-- 

0.66 

(10) 

u.  10(1300  C) 

0.31(1460  C) 

-- 

0.66 

(Id) 

0.31(1500  C) 

U. 37(1550  C) 

•- 

0. 66 

(19) 

u.  o7 -0.  I.M  (total  emissivity 

(3) 

at  25-1600  G) 


Magnetic  Susceptibility 


The  magnetic  susceptibilities  of  the  platinum  metals,  except  osmium,  at  various 
temperatures  are  tabulated  on  page  16.  (7) 
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FIGURE  4.  EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL  RESISTIVITY 
OF  FOUR  PLATINUM  METALS17' 
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1  emperaturc  ,  Magnetic  Suitecptibihtv ,  .1  *  1  0  ‘ 0 .  maun  unit  a 


c 

Platinum 

Palladium 

Rhodium 

Iridium 

Rutnenium 

18 

1 

10 

5 

8 

l  4 

0. 

15 

0.  56 

250 

0. 

66 

4. 

3 

30 

0. 

18 

500 

0. 

55 

3. 

3 

46 

0. 

21 

0.  62 

750 

0. 

44 

> 

6 

55 

0. 

25 

1000 

0. 

36 

2. 

1 

80 

0. 

29 

0.  70 

Atomic  Proper  ties 

In  addition  to  some  of  the  atomic  and  thermal  properties  listed  previously,  there 
are  many  other  properties  of  the  metal  atoms  that  are  of  specialized  interest.  Some  of 
these,  such  as  atomic  diameter,  closest  approach  of  atoms,  ionization  potential, 
chemical  valence  and  valence  electrons,  atomic  abundance  in  the  earth's  crust,  the 
mass  of  the  isotopes  and  the  thermal -neutron-absorption  cross  section,  are  listed  i:. 
Tabic  2. 


TAB1.K  2.  SOME  ATOMIC  PROPERTIES  01  THE  PLATINUM-CROUP  METALS 


Platinum 

Palladium 

Rhodium 

Indium 

Osmium 

Ruthenium 

Rc  f crt/ik  c 

Alomir  Diameter,  kX 

2.  7  G'J 

2.  ”45 

2.7 

2.  709 

2.70 

2.  67 

(20) 

Distance  of  Closest  Approach,  kX 

2.  76.) 

2.  745 

2.  684 

2.709 

2.670 

2.  644 

(20) 

Ionization  Potential,  ev 

8.  96 

8.39 

7.7 

8.  7 

8.  7 

7.  5 

(20) 

Chemical  Valence 

4,2 

2.4 

3,4 

4.6,8 

4,6,8 

3,4, 6, 8 

(20) 

Valence  Electrons 

5d'^6S> 

4dU) 

4d85Sl 

5d’i352 

5dc6S2 

4d  7  5S ! 

(20) 

Atomic  Abundance  in  Earth's  Crust 

4  x  10"S 

a  x  io-9 

1.6  x  10'J 

8  x  IQ--’ 

4  x  In'S 

8  x  10 '9 

(20) 

Isotope  Mass,  A 

192 

102 

103 

191 

184 

96 

(20) 

194 

104 

-- 

i  93 

186 

98 

(20) 

195 

105 

-- 

... 

187 

99 

(20) 

196 

106 

-- 

-- 

188 

100 

(20) 

17B 

108 

-- 

-- 

189 

101 

(20) 

-- 

110 

-- 

-- 

190 

102 

(20) 

Thermal -Neutron -Absorption 

_  ‘ 

192 

104 

(20) 

Cross  Section,  barns/atom 

8.  i 

8.0 

150 

430 

14.7 

2.46 

(21) 

Elastic  Modulus 

The  more  refractory  platinum  -  group  metals  have  among  the  highest  known 
elastic  moduli;  osmium  having  a  higher  modulus  than  any  other  element. 

The  room-temperature  values  of  elastic  modulus  of  these  metals  am  tabulated 
be  low .  (3) 

Platinum  Palladium  Rhodium  Iridium  Osmium  Ruthenium 
Elastic  Modulus,  lO^psi  22  16  40  74  81  60 


ba  ttelle 


MEMORIAL 


INSTITUTE 


Elastic  modulus  ,  psixlO 


OU- 

-200 


FIGURE  5.  EFFECT  OF 
OF  THE  PL. 


BATTELLE 


18 


I  he  effect  of  tempo r.itur c  on  the  elastic  modulus  of  the  four  face -centered-cubic 
metals,  as  reported  by  Koater^’^),  is  shown  in  Figure  5.  All  of  the  modulus  values  at 
rooin  temperature  reported  by  Kostcr  appear  to  be  higher,  especially  for  the  case  of 
rhodium,  than  those  reported  by  others.  This  is  probably  because  Koater  reported 
dynamic  modulus  whereas  the  other  values  are  representative  of  static  modulus. 


CHEMICAL  PROPERTIES 


Gas -Metal  Reactions 


Carbonaceous  Gases 


An  interesting  phenomenon  has  been  observed  with  unstable  hydrocarbons  that 
crack  in  contact  with  hot  platinum  metals.  Damage  to  the  metals  in  the  form  of  a  fine 
intergranular  precipitate  of  carbon  extending  some  distance  into  the  metal  has  been 
observed.  No  explanation  is  offered  for  this  phenomenon, 

Most  of  the  platinum-group  metals  are  unaffected  by  exposure  to  commercial 
carbon  monoxide;  however,  it  has  been  observed  that  CO  will  harden  palladium,  and 
that  ruthenium  will  react  with  CO  to  form  a  carbonyl  at  180  C  and  very  high  pressures, 
of  the  order  of  200  atmospheres. 

Exposure  to  carbon  dioxide  reportedly  has  no  effect  on  any  of  the  platinum-group 
metals  .  ( ^3) 


Halogen  Gases 


Platinum.  Investigations  of  the  reaction  of  platinum  with  chlorine  gas  over  the 
temperature  range  500  to  800  C  revealed  the  corrosion  rate  reaches  a  maximum  at 
570  C  and  then  drops  to  a  minimum,  approximately  one-fiftieth  of  the  maximum  at 
650  C.  This  behavior  is  attributed  to  the  change  in  vapor  pressure  and  the  nature  of 
the  platinum  chloride  reaction  products. 

Studies  by  Nogareda^^)  of  the  corrosion  rate  of  platinum  in  chlorine  and  bromine 
gas  at  low  pressures  reveal  that  the  corrosion  rate  varies  with  the  second  power  of  the 
gas  pressure  between  600  and  850  C,  and  with  the  first  power  of  the  pressure  from 
1200  to  1300  C. 

The  results  of  various  studies  indicate  that  up  to  400  C  a  protective  film,  pre¬ 
sumably  PtCl^  is  formed;  at  600  C  no  film  is  formed,  and  at  700  C  a  weight  loss  is 
observed.  This  is  in  disagreement  with  the  first  tests  mentioned. 
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Hydrogen 

Studies  of  the  reactions  of  hydrogen  with  the  platinum- group  metals  have  largely 
centered  on  the  palladium -hydrogen  system.  Of  the  other  platinum-group  metals, 
Smithells^  *9)  reports  only  osmium  and  i/idium  do  not  adsorb  hydrogen. 

None  of  the  platinum  metals  have  been  reported  to  be  embrittled  on  exposure  to 
hydrogen,  however,  exposure  of  pallad.urr.  to  oxygen  and  hydrogen  atmospheres  alter¬ 
nately  does  result  in  blistering  from  water  vapor  formation.  This  phenomenon  also  is 
common  in  copper  and  silver,  but  hi.s  not  been  observed  in  any  of  the  other  platinum - 
group  metals . 

A  more  complete  presentation  of  the  hydrogen-platinum  metals  systems  is  given 
later  in  the  section  "Alloy  Systems". 


Nitrogen 

Smithells^  ^9)  reports  that  nitrogen  is  insoluble  in  all  of  the  platinum-group 
me  tais . 

There  was  no  information  found  on  the  effect  of  nitrogen  on  the  physical  or 
mechanical  properties  of  the  metals. 


Oxygen 

Brewer(l®4)  critically  analyzed  the  available  data  for  the  oxides  of  the  platinum - 
group  metals.  He  concluded  that  many  of  the  oxides  have  low  decomposition  tempera¬ 
tures,  and  their  study  must  be  carried  out  at  temperatures  where  equilibrium  condi¬ 
tions  are  difficult  to  obtain.  Most  of  the  work  has  been  dene  without  the  aid  of  X-ray 
analysis,  and  many  phases  have  been  reported  which  do  not  exist.  Many  of  the  oxides 
have  been  prepared  from  aqueous  solutions,  and  some  of  the  reported  oxide  phases 
appear  not  to  exist  under  anhydrous  conditions. 


The  following  decomposition  temperatures  (the  temperature  where  the  dissocia 
tion  pressure  of  the  solid  oxide  reaches  1  atmosphere  of  oxygen)  have  been  given  by 
Brewer : 

Decomposition  Decomposition 

Oxide  Temperature,  K  Oxide  Temperature,  K 

PtO 

780  ±  30 

IrO  2 

1373 

Pt3°4 

Pto2 

750 

Ru02 

1400  ±  30 

RuO^ 

Metastable  to  Ru02  +  02 

PdO 

1150 

Os02 

Disproportionates  at  923  K  to 

RhzO 

1400 

give  1  atm  OsO^g) 

RhO 

1394 

RhZ°3 

1150 

OSO4 

Normal  boiling  point  =  403 
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Based  on  throe  data,  lirewer  concluded  that  above  about  1400  K  ( 1 1 27  C)  no  aolid 
oxide  phases  can  oxiot  even  in  an  atmosphere  of  oxygen.  Ueing  an  argument  baaed  on 
thermod)  nnrnico ,  he  concluded  that,  with  the  exception  of  oumium,  only  MxO£  and 
gaseous  moleculco  can  result  from  the  reaction  of  oxygen  with  the  platinum-group 
mctalo.  BUPl>ofle,l  to  be  predominant  at  the  lower  temperatures,  and 

should  predominate  at  the  higher  temperatures  where  begins  to  diocociatc  appreci¬ 
ably  into  atomic  oxygen. 

Heats  and  free  energies  of  formation,  according  to  the  comp.lation  by 
Coughlin!  28^),  are  presented  for  several  of  the  oxides  of  the  platinum-group  metals  in 
Tables  3  and  4,  respectively.  Based  on  Coughlin's  free-energy  dfita,  the  decomposi¬ 
tion  temperatures  for  solid  PdO,  RhO ,  Rh^O^,  IrO^,  and  RuO,  are  1  160,  1300,  1215, 
1030,  and  1425  K,  respectively. 

Prior  to  presenting  the  experimental  results  concerning  the  behavior  of  the 
platinum-group  metals  in  oxygen  at  elevated  temperatures,  a  few  of  the  problems 
associated  with  the  interpretation  of  such  data  should  be  mentioned.  The  face- 
center  ed -cubic  platinum-group  metals  are  well  known  for  their  tarnish  and  oxidation 
resistance.  Under  many  conditions  of  temperature  and  oxygen  pressure  they  can  be 
considered  noble  metals.  All  of  the  platinum- group  metals  have  volatile  oxides  under 
certain  temperature  conditions.  Throughout  the  literature  there  appears  to  be  a  ques¬ 
tion  as  to  whether  the  metals  vaporize  and  the  oxides  are  formed  from  the  vapor  or 
whether  a  solid  oxide  is  formed  followed  by  immediate  vaporization.  Most  investi¬ 
gators  today  agree  that  the  latter  is  the  case. 

Because  of  the  low  oxidation  rates  exhibited  by  most  of  the  platinum  metals,  the 
oxidation  characteristics  are  extremely  sensitive  to  impurities  in  the  metal.  In  addi¬ 
tion,  since  the  oxides  are  volatile,  it  is  possible  to  build  up  an  oxide-metal  equilibrium 
in  a  static  atmosphere,  thus  leading  to  an  erroneous  picture  of  the  oxidation  character¬ 
istics.  In  a  nonstagnant  environment  the  flow  rate  of  the  oxidizing  atmosphere  could  be 
expected  to  influence  test  results,  especially  with  those  metals  with  highly  volatile 
oxides.  Fryburg  and  Murphy!^)  have  commented  on  this  effect  and  have  reviewed 
some  pertinent  data  to  illustrate  the  effect  of  a  moving  versus  a  stagnant  atmosphere. 
Because  of  the  number  of  test,  variables,  all  of  which  have  a  large  influence  on  experi¬ 
mental  results,  the  following  presentation  will  concentrate  on  the  most  extensive  in¬ 
vestigations  where  the  variables  mentioned  will  be  assumed  constant  for  all  tests.  In 
addition,  comparisons  of  the  results  of  several  investigators  will  not  be  attempted  un¬ 
less  there  is  a  reasonable  assurance  that  the  experimental  conditions  are  equivalent. 


Platinum.  Platinum  is  reported  to  form  two  oxides,  PtO,  produced  by  heating 
platinum  sponge  or  platinum  black  in  oxygen  at  510  to  560  C(^b) ,  and  PtC>2  which  has 
been  isolated  and  identified  by  Fryburg!  27)  as  j^e  volatile  reaction  product  of  platinum 
with  activated  oxygen.  The  formation  of  PtO^  has  also  been  noted  by  Gunther schulze 
and  Betz(^8)  in  an  investigation  of  the  oxidation  of  platinum  in  ionized  gases.  In  addi¬ 
tion,  both  of  these  oxides  have  been  found  coexisting  in  surface  films  on  platinum 
elect  rode  s , !  ^9) 

Schneider  and  Esch!-^),  in  a  study  of  the  oxidation  characteristics  of  platinum, 
report  that  the  evaporation  rate  of  platinum  dioxide  is  strongly  dependent  upon  oxygen 
pressure.  Kubaschewski  and  Hopkins!  ^1)  conclude  from  Schneider's  data  that  the 
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TABLE  4.  FREE  ENERGIES  OF  FORMATION  OF  SEVERAL  OF  THE  OXIDES  OF  THE  PLATINUM-GROUP  METALS 
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3>rc?*8urc  of  the  oxide  incrc.mcii  in  proportion  to  the  oxygen  prcaiiurc  in  agreement  wiih 
the  equilibrium  rclatlonnhip 

1*1  *  02(g)  =  PtO^g).  Pp>tU,  =  K/»»0>.  K  -  l.*-5  x  10 -0  at  1200  C. 

Several  invc  #  tigator  **  ’  ^  ^  have  ntudied  the  oxidation  of  platinum  in  oxy  - 

ger.  and  flowing  air  at  1000  C  and  above. 

The  work  of  Raub  and  Plated  on  the  oxidation  of  j>latinum  in  oxygen  ih  sum¬ 
marized  in  Figure  6.  At  1000  and  1100  C  the  weight  loss  appears  to  be  linear  with  time 
up  to  30  hours’  exjx>sure.  At  1200  and  1  300  C,  however,  the  rate  of  weight  loss  de¬ 
creases  with  increasing  time,  the  most  significant  departure  from  linearity  being  at 
1200  C.  The  authors  specified  that  the  tests  were  carried  out  in  flowing  oxygen 
(0.4  liter/rmn),  but  the  possibility  exists  that  this  flow  was  not  sufficient  to  remove 
any  stagnant  environment  which  would  result  in  an  approach  to  an  equilibrium  of  oxide 
vapor  with  metal.  This  explanation,  however,  does  not  account  for  the  difference  in 
the  curves  for  the  1200  and  1300  C  exposures. 

The  authorsf-^)  also  report  that  exposure  to  oxygen  at  900  C  resulted  in  weight 
losses  of  such  a  magnitude  as  to  be  measured  or.  an  analytical  balance.  However, 
work  of  other  investigator  s(  ^  ^  ,  35)  indicates  that  somewhere  in  the  region  of  900  C 

or  below  platinum  should  begin  to  show  a  weight  gain.  This  would  not  be  unexpected  as 
the  dissociation  pressure  of  the  platinum  oxide  would  probably  fall  below  1  atmosphere 
of  oxygen  at  some  temperature.  This  is  in  agreement  with  Wohler  and  Frey(^k)  who 
state  that  the  dissociation  pressure  of  PtO^  at  530  C  is  under  592  mm  of  mercury. 

The  effect  of  alloying  with  other  platinum-group  metals  on  the  oxidation  resist¬ 
ance  of  platinum  is  shown  in  ,'igures  7  through  9. 

The  addition  of  palladium  results  in  a  slight  increase  in  the  weight  loss  r.s  com¬ 
pared  with  pure  platinum  at  1100  C;  however,  the  weight  loss  decreases  with  increasing 
palladium  cement  up  to  40  weight  per  cent  palladium.  This  behavior  can  be  attributed 
to  increased  oxygen  solution  resulting  from  the  addition  of  palladium.  At  1  i  00  C  the 
40  per  cent  palladium  alloy  shows  an  initial  increase  in  weight  which  later  is  eliminated 
by  the  volatilization  of  the  oxide. 

The  effect  of  rhodium  additions  shown  in  Figure  8  can  be  divided  into  two  separate 
effects.  At  900  C,  increasing  the  rhodium  content  results  in  a  change  from  a  weight 
loss  at  10  weight  per  cent  rhodium  to  a  definite  weight  gain  at  40  weight  per  cent 
rhodium,  due  to  the  formation  of  the  trivalent  rhodium  oxide.  At  1100  C  the  alloys 
show  a  decreasing  weight  loss  with  increasing  rhodium  concentration.  The  authors 
feel  that  an  increase  in  the  oxygen  dissociation  pressure  of  th»»  oxide  resulting  from 
the  alloying  affinity  between  platinum  and  rhodium  prevents  the  fornu'tion  of  the  tri¬ 
valent  rhodium  oxide  in  all  of  the  alloys  under  investigation. 

Additions  of  iridium,  the  least  oxidation  resistant  of  the  face -cente red -cubic 
platinum  metals,  result  in  increased  weight  loss  of  the  platinum  (see  Figure  9).  This 
effect  is  attributed  to  vaporization  of  the  iridium  plus  an  increased  tendency  toward 
volatilization  of  the  platinum  in  the  presence  of  ’"ridium. 
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FIGURE  6. 


CHANGES  IN  WEIGHT  OF  PLATINUM  IN  OXYGEN  AT 
VARIOUS  TEMPERATURES*321 


QATTELLE 


MEMORIAL 


INSTITUTE 


Loss  in  Weight,  I0'2nng/cm 


FIGURE  7.  TIME  DEPENDENCY  OF  THE  WEIGHT  CHANGES  OF  P  LA  1 
PALLADIUM  ALLOYS  IN  OXYGEN  AT  900  AND  1100  C(22) 
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FIGURE  8.  TIME  DEPENDENCY  OF  THE  WEIGHT  CHANGES  OF  PLATINUM- 
RHODIUM  ALLOYS  IN  OXYGEN  AT  900  AND  1100  C(32* 
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FIGURE 


TIME  DEPENDENCY  OF  THE  WEIGHT  LOSS  OF  PLATINUM 
IRIDIUM  ALLOYS  IN  OXYGEN  AT  900  C(32^ 
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A o  a  rrmili  ui  ! ij c  volaull ration  o i  platinum  oxide  at  elevated  tempc rature a , 
platinum  li  susceptible  to  thermal  etching.  Lacroix*  ha#  reported  thermal  etching 

of  platinum  at  1000  C  and  above,  and  Kaub  and  Plate*  studied  the  thermal  etching  of 

platinum  and  platinum*;kalladium,  platinum  •  rhodium ,  platinum-iridium,  and  platinum- 
gold  alloy*  at  various  tempo  raturc  s. 


Palladium  Palladium  when  heated  in  an  oxygen-containing  atmosphere  over  a 
ivrlain  range  of  temperatures  forms  the  bivalent  palladium  oxide,  PdO ,  which  subse¬ 
quently  dissociates  at  higher  temperatures,  in  air,  the  oxide  forms  at  temperatures 
from  150  to  790  C*  m  cr.v  ironmcntJ  richer  in  oxygen,  this  range  would  be  extended 
'  higher  temperatures. 

The  work  of  Kaub  and  Plate*  is  otic  of  the  most  extensive  studies  of  the  high- 
temperature  oxidation  of  palladium.  A  summary  of  their  work  on  the  oxidation  charac¬ 
teristics  of  palladium  is  given  in  Figure  10.  (All  of  the  data  shown  in  this  figure  are 
representative  of  specimens  quenched  from  the  testing  temperature.)  At  all  tempera¬ 
tures  investigated,  the  palladium  samples  show  an  initial  weight  increase,  the  rate  of 
weight  gain  increasing  with  increasing  temperature.  At  1100  C  and  above,  the  speci¬ 
mens  show  a  weight  loss  following  the  initial  increase  in  weight.  This  unusual  be¬ 
havior  can  be  attributed  to  the  interplay  of  two  phenomena.  The  initial  weight  increase 
would  be  due  to  the  solution  of  oxygen  in  the  palladium  lattice.  Assuming  the  palladium 
did  not  combine  with  oxygen  to  any  appreciable  degree,  the  weight  gain  would  stop  as 
the  oxygen  content  approached  its  saturation  limit,  as  observed  in  the  tests  at  900  and 
1000  C.  However,  the  palladium  does  react  with  oxygen  and  subsequently  volatilizes, 
thus  giving  rise  to  the  weight  loss  observed  at  1100  C  and  above. 

The  change  in  lattice  parameter  of  palladium  specimens  heated  in  oxygen  at  tem¬ 
peratures  from  800  to  1300  C  and  rapidly  quenched  also  was  studied.  Using  the 
parameter  of  a  specimen  annealed  at  800  C  in  vacuum  and  quenched  as  base  line,  a 
definite  decrease  in  parameter  was  noted  in  specimens  annealed  and  quenched  from 
higher  temperatures,  In  addition,  the  structure  of  PdO  was  determined  to  be  tetrag¬ 
onal  with  a  =  3.  03  kX  and  c/a  =  1.  754.  The  results  of  these  investigations  indicate 
that  there  is  an  appreciable  solubility  of  oxygen  in  palladium  that  increases  with  in¬ 
creasing  temperature. 


Rhodium.  Rhodium  is  the  least  volatile  of  the  platinum  metals.  ^9)  jt  does,  like 
palladium,  form  a  tenacious  oxide  film  at  temperatures  below  1000  to  1100  C,  depend¬ 
ing  on  the  oxygen  pressure  of  the  environment. 

Wohler  and  Muller*^®)  have  reported  the  existence  of  three  rhodium  oxides  which 
have  a  dissociation  pressure  of  1  atmosphere  of  oxygen  at  1113,  1121,  and  1127  C  for 
the  trivalent,  bivalent,  and  monovalent  rhodium  oxides,  respectively.  Brewer**^)  re¬ 
ported  that  the  only  definitely  determined  phase  is  RI12O3  (corundum  structure).  He 
questioned  the  interpretation  of  Wohler  and  Muller  on  the  grounds  that  their  data  do  not 
distinguish  between  distinct  phases  and  an  extended  homogeneity  range.  Kubaschewski 
and  Catterall*  185)  concluded  from  the  available  data  that  RI12O3  is  the  only  stable  oxide 
at  room  temperature  and  that  Rh20  and  RhO  are  metastable. 
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FIGURE  10.  CHANGES  IN  WEIGHT  OF  PALLADIUM  IN  OXYGEN 
AT  VARIOUS  TEMPERATURES*32) 


8ATTELLE 


MEMORIAL 


INSTITUTE 


iO 


Uaub  anti  luvc  studied  the  high  temperature  oxidation  characteristic*  of 

rhodium  at  l  100,  1200,  and  1  J00  C,  The  rcnulte  of  their  work,  arc  summarised  in 
Figure  11.  Rhodium,  like  palladium  exhibit*  a  weight  gain  at  1100  C,  mod  of  whir,)  i« 
due  i«>  oxygen  solubility.  At  1200  C  there  io  a  very  alight  initial  weight  ga>n  that  I  j 
soon  overcome  by  the  volatilisation  oi  the  oxide,  leading  to  an  approximately  linear 
weight  lo*a  with  time.  At  1  500  C,  the  volatilisation  in  so  rapid  that  any  weight  in¬ 
crease  due  to  oxygen  in  solution  in  hidden.  However,  the  rhodium  specimen  after  being 
heated  in  vacuum,  following  9  hours  in  oxygen  at  I  >00  C,  exhibited  a  weight  loss  of 
0.  0.:  mg/drn2  or  1  .  56  mg/ 100  g  of  rhodium,  thu«  indicating  an  appreciable  oxygen  solu¬ 
bility  at  nooc. 


Iridium.  IrO^  appears  to  be  the  only  stable  oxide  in  the  i r idium -oxygen  system. 
Goldschmidt*  IH2)  reports  this  to  be  of  the  same  type  as  TiO^  (C4  type)  with  a  =  4.  50  A 
and  c /a  -  0.  7  00. 

Iridium  is  considered  the  least  oxidation  resistant  of  the  face -cente red-cubic 
platinum -group  metals.  It  oxidizes  slowly  upon  exposure  to  air  at  600  to  1000  C;  how¬ 
ever,  above  1C00  C  the  oxide,  IrO^,  is  quite  volatile.  ?  23) 

There  have  been  very  few  investigations  of  the  oxidation  characteristics  of 
iridium,  recently,  due  to  the  emphasis  on  protection  of  molybdenum,  some  properties 
of  electroplated  iridium  have  been  studied. 

Table  5  is  a  summary  of  the  short-time  exposure  characteristics  of  plated 
iridium,  v  -  H 


TABLE  5.  SHORT-TIME  EXPOSURE  CHARACTERISTICS  OF 
ELECTROPLATED  IRLDIUM(41) 


Material 

Change  in  We 

ight  in  Air, 

mg/in.  2 

600  C 

1000  C 

10  Min 

20  Min 

3  0  Min 

10  Min 

20  Min 

30  Min 

410  stainless  steel,  bare 

-0.  25 

-0.  53 

-0.  52 

+  1  .  14 

+  3.  73 

+  14.  5 

410  stainless  steel,  iridium 

+  0.  06 

+  0.  08 

+  0.  1  1 

+  33.  2 

+  36.  7 

+40.  0 

plated,  0.0005  in.  thick 

Molybdenum,  bare 

+  0.  32 

+  3.7 

+  4.  0 

-317. 3 

596.  5 

(a) 

Molybdenum,  iridium 

1  0.  3 

+  0.  3 

+  0.  3 

+0.  31 

+  0.  09 

-0.42 

plated,  0.  0005  in.  thick 

(a)  Sample  completely  disintegrated. 


The  data  here  do  not  appear  compatible  when  the  molybdenum  and  stainless  steel 
results  are  compared.  It  appears  from  the  results  on  molybdenum  that  the  iridium 
plating  afforded  good  protection  and  that  the  oxidation  data  are  perhaps  representative 
of  only  iridium.  It  would  appear  from  the  data  at  1000  C  that  the  iridium,  like  rho¬ 
dium  and  palladium,  has  a  definite  oxygen  solubility  which  is  masked  after  long  ex¬ 
posure  by  the  weight  loss  resulting  from  the  volatilization  of  IrC>2. 
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Ruthenium.  Ruthenium  commonly  lomu  two  oxide#.  RwQ^  ami  HuUj  RwD^  l# 
the  reaction  product  of  ruthenium  in  oxygen  at  temperature#  up  to  960  Cj“)  Like 
IrOj ,  RuO^  !#  volatile  only  at  high  temperature#.  In  the  region  of  600  C  a  measurable 
oxide  film  l#  formed,  the  thlchnc*#  of  the  film  increasing  with  Increasing  time  at  tern- 
pc raturc .  (*^)  The  higher  oxide  of  ruthenium  has  been  isolated  a#  a  product  of  certain 
wet  chemical  reactions,  but  there  was  no  definite  evidence  found  in  the  literature  that 
RuO.j  is  formed  on  heating  in  air.  !lrc*cr(  *  concluded  that  RuO.j  appear#  to  be 
thermodynamically  unstable  even  at  room  temperature. 

Ruthenium  is  considered  to  follow  iridium  tn  order  of  decreading  oxidation  re¬ 
sistance,  although  very  few  data  arc  available  and  no  systematic  studies  have  been  re¬ 
ported  on  the  oxidation  characteristics  of  this  metal. 


Osmium.  OsO^  (rutile  structure)  and  OsO^  arc  the  only  known  oxides  of 
osmium.  ( 184)  The  yellow  tetroxide  is  the  stable  form,  melting  at  56  C  and  boiling  at 
1  10  C  under  atmospheric  pressure.  OsO^  also  has  a  white  form  which  is  metastable 
with  respect  to  the  yellow  form. 

Osmium  has  the  most  volatile  oxide  of  all  the  platinum-group  metals.  No  data 
arc  available  other  than  that  the  toxic  osmium  tetroxide  vaporizes  at  130  C  in  air.  (73) 


Sulfurous  Oases 


Platinum.  Platinum,  used  in  the  manufacture  of  H^SO^,  is  unattacked  after  ex¬ 
posure  to  a  mixture  of  SOt,  air,  and  SO  -j  at  400  to  450  C.  In  SO^  alone  after  1  hour  at 
800  C  there  is  no  attack;  however,  after  1  hour  at  1000  C  a  weight  loss  of  0.  0013  g/cm^ 
is  reported.  There  also  is  a  reaction  in  H^S  from  400  to  1000  C  which  produces  a 
slight  blue  film,  but  no  loss  in  ductility  is  observed  after  exposure .( ^3) 


Palladium.  Exposure  oi  palladium  to  SO  ^  at  800  and  1000  C  reportedly  results  in 
etching  at  1000  C  and  the  formation  of  a  purple-blue  film,  which  is  heavier  at  1000  than 
at  800  C.  No  loss  in  ductility  was  observed  at  either  temperature.  Heating  in  H^S 
above  600  C  resulted  in  rapid  attack  through  the  formation  of  a  low-melting  sulfide 
eutectic .  (23) 


Corrosion  by  Liquid  Media 


The  plat' mim- group  metals  are  among  the  most  corrosion-resistant  elements 
known.  In  many  corrosive  environments  rhodium,  iridium,  and  ruthenium  are  com¬ 
pletely  resistant  to  chemical  attack.  (^3)  Table  6  is  a  compilation  of  the  corrosion  re¬ 
sistance  of  all  the  platinum  metals  in  a  number  of  common  corrosive  environments. 
Table  7  summarizes  the  corrosion  behavior  of  the  platinum  metals  except  osmium  in  a 
number  of  fused  salts. 
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TvrtX  €.  a>iWOsfON  71(1  PUI'INUM -GMOtif*  RffTALS  in  A  SUMWa  tx  COMMON  COC«*JSIVT  CNVlRONMINTsf'’3) 


Giioilir  Medium 

Tcmpcrat'tfc. 

r 

I’latlnum 

Palladium 

Rhodium 

trldlum 

Otmlu.n 

Ruthenium 

IUSaTj.  corir. 

»< : 

A 

A 

A 

A 

A 

A 

100 

A 

C 

B 

A 

A 

A 

lloVrOj.  ip  gf  1.4 

RT 

A 

c 

■ 

100 

c 

0 

»3™4 

100 

A 

B 

V 

A 

O 

A 

HCIO4 

H  I 

A 

A 

:oo 

A 

C 

•• 

11NO3.  noT/c 

r: 

A 

D 

A 

-- 

C 

A 

IINO3.  90* 

HI 

A 

D 

A 

A 

1) 

A 

100 

A 

1) 

A 

A 

n 

A 

Aqua  rcgu 

R7 

n 

D 

A 

A 

D 

A 

Bolling 

D 

1) 

A 

A 

0 

A 

m:.  40* 

RT 

A 

A 

A 

A 

A 

A 

MCI.  3C* 

R  1 

A 

A 

A 

A 

A 

A 

100 

B 

B 

A 

A 

C 

A 

HBr .  ip  gr  1.  7 

RT 

B 

I) 

B 

A 

A 

A 

100 

10 

D 

C 

A 

C 

A 

HI.  >p  gt  1.7 S 

R  I 

A 

n 

A 

A 

B 

A 

100 

D 

-- 

A 

A 

C 

A 

Acclu  acid,  glamal 

100 

A 

A 

A 

A 

-• 

A 

fo 

RT 

B 

-- 

-- 

-- 

-- 

-- 

Cl2.  dr\ 

RT 

B 

C 

A 

A 

A 

A 

CI2,  moist 

RT 

B 

D 

A 

A 

c 

A 

Br  (lig),  dry 

r  r 

C 

U 

A 

A 

D 

A 

Br  (ltq),  moist 

RT 

C 

D 

A 

A 

B 

A 

Br,  water 

RT 

A 

B 

A 

A 

-- 

A 

I*  dry 

RT 

A 

A 

A 

A 

B 

A 

I,  most 

RT 

A 

U 

B 

A 

,1 

A 

L,  in  alcotiol 

RT 

A 

B 

B 

A 

— 

A 

HpS,  moist 

RT 

A 

A 

A 

A 

A 

A 

NaCIO  solution 

RT 

A 

C 

B 

-- 

D 

D 

100 

A 

D 

B 

B 

D 

D 

KCN  solution 

RT 

A 

C 

*- 

-- 

-- 

-- 

100 

C 

D 

-- 

-- 

-- 

-- 

HgCl2  solution 

100 

A 

A 

A 

A 

-- 

C 

CuCl2  solution 

100 

A 

B 

-- 

-- 

-- 

-- 

CUSO4  solution 

100 

A 

A 

A 

A 

-- 

A 

Al2(S04)3  solution 

100 

A 

A 

A 

A 

A 

Note; 

A  -  no  appreciable  corrosion 
B  -  some  attack  but  not  enough  to  preclude  use 
C  -  attacked  enough  to  preclude  use 
D  -  rapid  attack. 

Test  on  massive  specimens,  except  for  Os;  solutions  riot  aerated  or  stirred. 
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M  K T  ALLU KG  IC  A  l .  PROP KU  71 ES 


Mechanical  Properties  of  the  Pure  Me  tain 


Few  data  on  the  mechanical  properties  of  the  platinum- group)  metals  are  avail¬ 
able.  Little  is  Known  of  the  effect  t  of  various  testing  variables  (strain  rate,  j  rior 
strain,  stress  system,  temperature,  etc.)  on  the  oropcrtics  of  any  of  these  materials. 
Platinum  and  palladium  have  received  the  most  attention  with  respect  to  tensile  proper¬ 
ties;  rhodium  and  iridium  have  received  little  attention,  and  no  data  have  been  reported 
for  ruthenium  and  osmium. 


Room -Temperature  Properties 

The  available  room-temperature  tensile  properties  arc  summarized  in  Table  8, 
and  the  room-temperature  hardness  data  of  the  metals  in  various  metallurgical  condi¬ 
tions  are  summarized  in  Table  9.  Where  data  are  in  agreement,  the  values  have  been 
averaged  and  the  references  cited;  where  there  appears  to  be  wide  variations  in  data, 
the  values  of  each  investigator  arc  reported  individually. 

The  well-known  softness  and  ductility  of  platinum  and  palladium  arc  shown  by  the 
relatively  low  strengths  and  high  elongations  of  these  materials  in  the  annealed  condi¬ 
tion.  Rhodium  and  iridium,  on  the  other  hand,  have  higher  tensile  strengths  and  con- 
sideraoly  lower  ductilities.  It  may  be  noted  from  the  tensile  data  for  rhodium  and 
iridium  that  some  values  reported  for  the  annealed  and  worked  conditions  are  conspicu¬ 
ously  high.  The  values  of  138,000-psi  tensile  strength  with  a  corresponding  elongation 
of  35  per  cent^)  for  rhodium  are  not  in  agr^ment  with  data  from  othe  r  sources . 0  2,  14) 
Unfortunately,  the  purity  of  the  rhodium  and  the  iridium  which  exhibited  these  unusually 
high  strength  levels  is  not  specified,  whe-eas  the  other  tensile  data  are  representative 
oi  high-purity  material. 

Although  the  v/ork-hardening  characte  ris’.ic  s  of  the  four  face -cente  red-cubic 
metals  have  not  been  thoroughly  investigated,  some  insight  into  their  behavior  can  be 
gained  from  a  comparison  of  the  various  tensile  properties.  Platinum  and  palladium 
cold  rolled  50  per  cent  exhibit  increases  of  1.5  and  2.0  times  the  annealed  strength, 
respectively.  On  the  other  hand,  rhodium  and  iridium  exhibit  strength  increases  of  a 
factor  of  3  on  cold  working  by  an  unspecified  amount.  It  is  doubtful  that,  even  under 
the  most  favorable  conditions  of  purity  and  prior  fabrication,  rhodium  and  iridium 
could  be  rolled  to  a  50  per  cent  reduction  to  be  comparable  to  the  platinum  and  palla¬ 
dium.  In  fact,  the  maximum  possible  reduction  between  anneals  probably  would  be  of 
the  order  of  10  to  20  per  cent. 

Although  rhodium  and  iridium  are  notoriously  difficult  to  work,  very  little  has 
been  done  to  study  this  behavior,  especially  through  the  determination  of  mechanical 
properties.  Bale(^)  attempted  to  explain  the  difficulty  of  working  rhodium  by  testing 
rhodium  of  extremely  high  purity,  less  than  10  ppm  metallic  impurities.  This  material 
exhibited  a  threefold  increase  in  hardness  after  cold  rolling  15  per  cent.  He  concluded 
that  although  high-purity  annealed  rhodium  is  rather  soft,  its  rate  of  work  hardening, 
like  that  of  rhenium,  is  extremely  rapid  at  room  temperature;  this  ’.might  indicate  an 
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TABLE  9.  ROOM-TEMPERATURE  HARDNESS  OK  THE  PLATINUM -GROUP  METAI-S 


Meta! 

Condition 

V icke  r s 

1  la  i  dm*  n  a 

Nu  mber 

Re  (creiKCH 

Platinum 

W  r  ought  -  anneal-el 

37 

(7) 

Cast  -annealed 

55 

(45) 

Electrodeposited  from  complex  sodium  platinate 
bath 

606-642 

(47) 

Palladium 

W  rought-annealed 

37 

(7) 

Cast  -annealed 

48 

(46) 

Electrodeposited  from  palladosamine  bath 

190-196 

(48) 

Electrodeposited  from  metal  nitrates  plus 
chlorides  bath 

387-435 

(48) 

Rhodium 

Pressed  and  sintered  plus  3  hours  at  1300  C 

135 

(46) 

The  above  plus  1.5  hours  at  1600  C 

128 

(46) 

Wrought-annealed  at  1Z00  C 

122 

(49) 

Vacuum  annealed,  high  purity 

110 

(14) 

Cole  rolled,  15  per  cent 

300 

(14) 

Electrodeposited  from  rhodium  sulfate  bath 

549-641 

(47) 

Cast 

139 

(11) 

Iridium 

Pressed  and  sintered  plus  3  hours  at  1300  C 

270 

(46) 

The  above  plus  1.5  hours  at  2000  C 

178 

(46) 

Cast 

163-172  Bhn 

(50),  (51) 

Cast 

217  Bhn 

(52) 

Vacuum-arc  melted-annealed 

210-240 

(15) 

Osmium 

Vacuum-arc  melted;  hardness  variation  due  to 
different  crystallogi  aphic  orientations 
of  gi  ains 

300-670 

(53) 

High  purity-cast 

350 

(7) 

Cold  worked,  7  per  cent 

690-1000 

Avg  ~7  1 0 

(15) 

Ruthenium 

Vacuum-arc  melted 

200-500 

(15) 

Cast 

220  Bhn 

(ID 

Cast-annealed 

240 

(12) 

Cold  worked,  9  per  cent 

360-750 

(15) 

Avg  ~480 
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oj)cr.i?  vc  slip  HirchAru  nsn  different  from  that  founci  in  other  (ace  -  ccnte  red-cubic  metals 
I  he  |k>«  nihility  exists,  in  the  cane  of  both  rhodium  and  iridium,  th.it  they  arc  extremely 
sensitive  to  oxvgcn  cr  some  other  dissolved  inter  ntitial . 

Very  little  is  known  about  the  effect  cf  temperature  on  the  ductility  of  these 
metals.  There  in  no  evidence  that  the  platinum  or  palladium  undergoes  a  ductile- 
brittle  transition.  It  in  kr.own  that  iridium  .ire  can  be  bent  slowly,  but  rapid  bending 
may  result  in  fracture  Thu  g'vcs  a  .-rude  indication  that  the  material  .a  strain-rate 
sensitive,  and  that  the  ductile-brittle  transition  in  bending  10  close  to  room  tempo  raturc 

Rhys(*®a)  reports  that  single  crystals  of  ruthenium  produced  by  none  melting 
are  quite  ductile  and  can  be  bent  easily  by  hand,  and  that  hot  rolled  annealed  atrip  can 
be  bent  to  an  angle  of  90  deg  over  a  1 -inch  radius.  Cold-rolled  and  annealed  ruthenium 
snip  is  considerably  less  ductile  and  fractures  at  lower  amounts  of  plastic  deformation. 

Very  little  is  known  regarding  the  operative  deformation  a/stemB  in  these  metals. 
It  can  be  safely  assumed  that  platinum  and  palladium,  like  most  face-centcred-cubic 
metals,  slip  on  the  f  1 1  1 J  planes  in  the  <  1 10>  direction.  There  are  no  data  to  indicate 
the  operative  slip  systems  in  rhodium  and  iridium. 

Ruthenium  and  osmium,  like  many  other  hexagonal  materials,  slip  on  the  {l010j 
planes  and  also,  in  the  case  of  osmium,  in  the  basal,  (0001),  plane.  Ruthenium  is  re¬ 
ported  to  have  several  operative  twinning  planes,  the  {1011},  {ll2l}  {l  1  23}  ,  and 
occasionally  the  {l012j.  In  this  respect  it  is  very  much  like  rhenium,  zirconium,  and 
titanium.  Osmium,  like  many  of  the  more  common  hexagonal  materials,  twins  on  the 
{l  0l2)  an  d  {ion}  planes.  (54)  There  are  no  data  available  on  the  twinning  planes  of 
platinum,  palladium,  rhodium,  and  iridium;  however,  they  probably  twin  on  the  {ill} 
planes  as  do  most  other  face -centered-cuoic  metals. 


Elevated-T emperature  Properties 

The  elevated-temperature  hardness  of  all  of  the  metals  has  been  investigated  and 
a  summary  of  these  data  is  presented  in  Figures  12  and  13.  The  hardness  of  the  more 
refractory  metals  is  unusually  high  at  temperatures  above  1000  C,  the  average  hard¬ 
ness  of  ruthenium  and  osmium  at  1  200  C  being  about  125  and  300  VHN,  respectively. 
The  hardness  of  rhodium  and  iridium  at  1100  C  is  significant  y  high  in  view  of  the  high 
purity  of  these  materials. 

The  tensile  properties  of  palladium  and  platinum  up  to  1100  and  1200  C,  respec¬ 
tively,  are  presented  in  Figure  14.  The  strength  decrease  of  palladium  with  tempera¬ 
ture  appears  to  be  almost  linear,  whereas  the  hardnes s -temperature  curve  changes 
slope  rather  abruptly  at  about  400  and  800  C.  The  effect  of  temperature  on  the  tensile 
strength  and  hardness  of  platinum  is  very  similar  at  the  higher  temperatures,  but  at 
low  temperatures  there  is  no  plateau  in  the  tensile -strength  curve. 

The  creep  properties  of  the  platinum- group  metals  are  virtually  unknown. 
Platinum  has  been  subjected  to  several  investigations,  especially  in  recent  years,  but 
palladium,  rhodium,  and  iridium  have  received  very  little  attention.  Allen  and 
Carr ington(56)  have  investigated  the  compression-creep  properties  of  several  refrac¬ 
tory  metals,  among  them  platinum,  palladium,  rhodium,  and  iridium.  Some  of  the 
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rrsiiiu  uf  lhr*ir  #ludy,  showing  the  slrrss  Ami  sirens -density  rMlo  lo  produce  1  per  cent 
deformation  in  24  houro  at  1000  C  m  the  platinum  rnctaln  and  molybdenum,  tungolcn, 
an. I  iron,  are  tabulated  below: 


at  re  as 

Material  in  2*1 


Platinum 

Palladium 

Rhodium 

!r  ittium 

Molybdenum 

T  ungsten 

Iron 


for  1  %  Deformat  ion 
Hr  at  1 000  C  ,  pm _ 

200 
660 
6,600 
13,200 
6600-8800 
13,200 
1  ,057 


St  re  »a  /  Density  x  10‘* 

0.  029 
0.  15-1 
1 .  -19 
1 .  64 

1 .  81  -  2.  -11 
1. 90 
0.  375 


It  is  seen  that,  although  platinum  and  palladium  are  inferior  to  the  other  mate¬ 
rials  with  regard  io  creep  strength,  rhodium  and  iridium  compare  favorably  with 
molybdenum  and  tu.  gsten,  and  are  far  superior  to  iron  on  a  strength-weight  basis. 

The  creep  and  stress- rupture  data  on  platinum  and  palladium  that  are  available 
have  been  generated  by  many  sources  with  many  different  objectives,  so  that  a  concise 
correlation  ot  the  work  of  various  investigators  is  rather  difficult. 

Reinacher^  55)  determired  the  20-hour  i  upture  strength  of  high-puritv  platinum 
over  a  range  of  temperatures,  from  20  to  1250  C.  He  found  that  the  ratio  of  20-hour 
rupture  strength  to  short-time  tensile  strength  decreases  with  increasing  testing  tem¬ 
perature,  indicating  that  the  short-time  tensile  strength  is  a  poor  design  criterion  for 
elevated -tempe  rature  applications.  The  values  reported  by  Reinacher  are  listed  in 
Table  10. 


TABLE  10.  ELEVATED-TEMPERATURE  MECHANICAL  PROPERTIES 
OF  HIGH-PURITY  PLATINUM(55) 


T  einperature  , 

C 

Ultimate  Tensile 
Strength,  1000  psi 

Stress  to  Rupture 
in  20  Hr,  1000  psi 

Ratio  of 

20-Hr  Rupture 
to  Ultimate  Strength 

20 

19.  2 

17.9 

0.93 

300 

14.  2 

12.4 

0.  88 

500 

10.  9 

8.  5 

0.78 

700 

9.  2 

5.  0 

0.  54 

900 

4.  8 

2.  1 

0.45 

1250 

1.4 

0.  85 

0.  60 
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Soma  utrcHB  -  rupture  proportion  of  platinum  have  been  determined  by  ChlldC’*), 
Stauni^®),  and  Bennett^).  The  rcnulta  of  the  studio*  of  these  investigators  aro  sum 
ma  r  izod  below. 


Stress  to 

Rupture, 

pal 

Material 

Temper  - 
aturc,  C 

1  Hr 

10  Hr 

100  Hr 

1000  Hr 

Referenced 

Platinum 

900 

-- 

3630 

1650 

(57) 

99.97%  platinum, 

1  ZOO  C  annealed , 

0.  010-in.  -diameter  wire 

1100 

1875 

1  Z50 

6Z5 

600 

(58) 

Annealed  0.  020-in.  - 
diameter  wire 

1400 

Z50 

1Z0 

-- 

-- 

(6) 

Stauss  also  observed  that  exposures  greater  than  5  hours'  duration  resulted  in  a 
change  in  the  fracture  characteristics  from  the  usual  necking-type  fracture  to  a  knife- 
edge  type  of  fracture.  Metallographic  investigation  revealed  that  grain  growth  during 
exposure  resulted  in  single  crystals  across  the  specimen  diameter.  Bennett  also  noted 
such  grain  growth  during  exposure  under  low  stress  levels;  however,  in  this  case  the 
grain  growth  resulted  in  embrittlement. 

Other  investigations  of  the  creep  characteristics  of  platinum  have  followed  differ¬ 
ent  lines.  Carrecker(^9)i  in  a  study  of  the  plastic  flow  of  metals  as  a  function  of  tem¬ 
perature  and  amount  and  rate  of  deformation,  investigated  the  creep  behavior  of  plati¬ 
num  wire  at  several  temperatures  and  stress  levels.  His  data  yielded  some  relatively 
straightforward  relations  between  stress,  0,  strain,  £,  strain  rate,  £,  and  absolute 
temperature,  T.  These  relationships  are  listed  below. 

(!)  =AenJejT;(2)  a  =  BePT,£_. 


(3)  €  =  Ct*]0jX; 


(4) 


dn 


Ajl 


r], 


c3T  d  log  £Je 


(5)  Q  oc  log  a]  £ 

where  Q  =  activation  energy  for  rate  of  deformation,  t  =  time,  and  A,  B,  C,  a.  n,  and 
p  are  constants . 


The  effect  of  stress  and  temperature  on  the  strain  rate  at  a  constant  stress  of 
0.  01  is  shown  in  Figure  15.  From  these  data  the  constants  A,  n,  B,  and  p,  in  Equa¬ 
tions  (1)  and  (Z)  can  be  calculated.  The  data  concerning  the  time  dependency  of  strain 
are  too  voluminous  to  be  presented  here. 


Only  two  studies  of  the  creep  properties  of  palladium  are  known.  Atkinson  and 
Furman^O)  studied  the  creep  behavior  of  platinum,  platinum- 10  rhodium,  and  palla¬ 
dium  (deoxidized  with  calcium  boride,  CaB^,  and  aluminum)  at  750  C  under  relatively 
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FIGURE  15.  STRAIN  RATE  IN  PLATINUM  WIRES  AT  A  STRAIN  OF  0.  01 
AS  A  FUNCTION  OF  STRESS  AT  SEVERAL  TEMPERATURES 
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low  ‘•tr****  level*  for  very  long  Union.  The  tcaullo  of  thono  tcnln,  nhowtng  iho  c  crj> 
rale  alter  jOOO,  .’000,  an«l  JOOO-hour  cxj>o;iur«to  Arc  given  in  Table  11. 

T  ABU  11  r*T£P  Btn/  VIOH  tW  PLATINUM.  PI ATINUM  •  10  MtOtJIUM.  A  NO  PAU  ADItM  AT  MH 


Mi  (dial 

Ar.urilLig 

T cttipetaiuic  . 

C 

Atciagc  uiiln 

Diameter. 

Inch 

StICM, 

P" 

Creep  Raic, 
lOH.'bi 

1L10  It:  2000  Itf 

3000  M: 

Length  of 

Tcit,  to 

(itimatcd  6  tic  la 
let  Cfecp  Rate 
ol  lO'-'flb  Ml.  pti 

Platinum 

0.004 

260 

o.  or 

0.09 

0.  04 

3817 

'.V0 

0.004 

260 

0.07 

0.03 

2929 

'10 

0.004 

400 

0.33 

0.26 

■ 

2256 

270 

Platinum  -  10  rhodium 

760 

1.0021 

400 

0.40 

0.40 

2153 

1010 

'.0032 

400 

0  17 

0.  13 

2107 

1010 

u.0032 

660 

0.  38 

0. 22 

2136 

340 

Pal'adlum  ♦  Ulij, 

7  lo 

7.016 

260 

1.43 

0.  l'J 

0.04 

3030 

Palladium  •  Call,; 

710 

) .  0  i  5 

160 

0.66 

0.08 

0.02 

3017 

Palladium  ♦  aluminum 

760 

u.ulo 

260 

0.  67 

0.  IS 

0.05 

3119 

440 

Palladium  «  aluminum 

750(a) 

0.016 

250 

o.on 

0.03 

0.02 

3032 

(3)  Aniitaliu  (or  1200  hours  prior  lo  loading. 


The  data  for  the  platinum- 10  rhodium  alloy  are  presented  here  to  point  out  the 
effect  of  grain  size  on  the  creep  rate  at  these  low  stress  lovels.  The  platinum- 10 
rhodium  alloy  would  be  expected  to  have  better  creep  resistance  than  pure  platinum; 
however,  the  alloy  specimen  with  the  smallest  grain  size  is  markedly  inferior  to  plati¬ 
num  and  to  the  alloy  specimens  of  larger  grain  size. 

The  data  presented  for  palladium  are  significant  in  view  of  the  high  rate  of  first- 
stage  creep  that  is  observed  in  comparison  with  platinum,  followed  by  a  marked  de¬ 
crease  in  creep  rate  at  2000  and  3000  hours. 

Microscopic  examination  cf  the  test  specimens  revealed  intergranular  attack, 
and  subscale  formation  extending  to  a  considerable  depth  below  the  surface.  A  speci¬ 
men  annealed  for  1200  hours  to  form  the  subscale  prior  to  testing  showed  significantly 
reduced  creep  rates.  The  authors  seem  to  imply  that  the  high  first-stage  creep  re¬ 
sulted  from  this  reaction  during  the  initial  1000  hours  of  testing;  it  seems  more  reason¬ 
able  to  assume  that  the  subscale  formation  is  the  cause  of  the  improvement  in  the  creep 
rates  at  2000  and  3000  hours,  and  that  palladium  inherently  has  a  high  first-stage  creep 
r  ate . 


Albert  and  Sadowski(^)  have  determined  the  stress-rupture  properties  of  commer¬ 
cial  platinum  and  palladium  and  several  alloys  at  927  C.  Their  data,  presented  in 
Table  12,  indicate  that  platinum  is  far  superior  to  palladium  with  regard  to  rupture  life. 
This  marked  superiority  of  platinum  over  palladium  is  not  readily  apparent  from  the 
creep-rate  data  of  Atkinson  and  Furman,  although  there  is  no  sound  basis  for  compari¬ 
son  between  the  two  investigations. 
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TA11LE  12.  STRESS-RUPTURE  PROPERTIES  OF  COMMERCIALLY  PURE 
PLATINUM  AND  PALLADIUM  AT  927  C  IN  AIRO> 


Material 

St  re  as , 
p.i 

Rupture  Life, 
hours 

Elongation, 
pc r  cent  in  1 .  3  in. 

Reduct  ion 
in  Area , 
per  cent 

Platinum 

2000 

58.  2 

98.  6 

9!  .  2 

1500 

355.6 

92.  5 

99.6 

1250 

1020.7 

79.0 

(approx. ) 

Palladium 

2000 

0.7 

96.  6 

For  me  d 
point 

1000 

13.7 

56.  2 

Ditto 

500 

322.  2 

6.  2 

4.  3 

The  abrupt  loss  in  ductility  of  palladium  during  exposure  under  the  500-psi  stress 
suggests  that  the  intergranular  attack  and  subscale  formation  observed  by  Atkinson  and 
Furman  may  be  a  factor  in  the  apparently  anomalous  results  for  palladium. 


Recrystallization  and  Cold  Work 

Because  of  the  limited  data  available,  it  is  difficult  to  compare  the  platinum- 
group  metals  on  the  basis  of  their  work-hardening  and  recrystallization  characteristics. 
There  are  desultory  data  in  the  literature  on  the  annealing  and  recrystaJlization  of 
palladium,  rhodium,  and  iridium  which  may  be  summarized  as  follows: 

Rhodium  will  recrystallize  at  800  C  (per  cent  work  unspecified)^) 

Pure  palladium  has  a  VHN  of  37  after  annealing  at  800  C  (softest  condition 

reported^) 

Commercial  palladium  has  an  average  VHN  of  46  after  annealing  at  800  C 

and  about  44  VHN  after  annealing  at  1000  or  1100  c(^) 

Iridium  has  been  completely  softened  by  annealing  at  2000  C.(^) 

One  of  the  definitive  works  on  the  recrystallization  of  the  platinum  metals  is  that 
of  Wise  and  Vines^l)  who  determined  the  recrystallization  temperatures  of  Grade  2 
platinum  (99.  99  per  cent)  for  various  degrees  of  cold  work  (0  to  89  per  cent).  The  data 
obtained  f^om  their  work  are  summarized  in  Table  13. 
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1  All  1.3.  I  1  K V 3  EC  1  OK  COLD  V»OKK  ON  THE  HARDNESS  AND 
RKCKYS1  A 1- LI /.AT  ION'  T  EMKER  AT  UR  K  Ol 
GRADE  3  PLATINUM^1  > 


ft r duel  ion  , 
|«rr  cent 

V  icr.c  r  o 

1  la  rdne  a  « 

Numbc  r 

Kcc  ry Ml. tills •> lion 
Temperature,  C(**) 

1'* 

7  3 

765 

39.  5 

85 

700 

50.  d 

93 

6  35 

M> 

101 

600 

80.  5 

1  1  4 

545 

89.  5 

133 

435 

(4)  All  ipccwiiciu  iimcalcj  (or  1  .'>  minuter 


Hub  work  was  perlormed  on  platinum  w-ith  an  estimated  purity  of  99.99+  per  cent 
in  order  to  eliminate  the  effects  of  impurities  from  the  results.  It  was  found  that 
neither  increases  in  the  annealing  time  nor  in  the  annealing  temperature  had  any  ap¬ 
preciable  effect  on  the  recrvstallized  grain  size,  but  that  the  grain  size  was  an  inverse 
function  of  the  amount  of  cold  work,  i.e.  ,  the  greater  the  amount  of  cold  work,  the 
smaller  the  recrvstallized  grain  size 

In  this  same  experiment,  the  wo rk -ha rdening  behavior  of  platinum  was  demon¬ 
strated  by  a  rapid  increase  in  hardness  up  to  10  to  15  per  cent  reduction  in  thickness, 
a  more  gradual  increase  between  15  and  75  per  cent  reduction,  and  then  a  slightly 
more  rapid  increase  from  75  to  90  per  cent  reduction.  The  rate  of  work  harden,  ng 
(increase  in  hardness/per  cent  reduction)  was  found  to  decrease  rapidly  up  to  30  or 
40  per  cent  reduction,  increase  gradually  up  to  70  or  80  per  cent  reduction,  and  then 
increase  rapidly  from  80  per  cent  on. 

The  effect  of  annealing  time  on  the  re  cry  stallization  process  in  platinum  for 
various  temperatures  and  reductions  is  illustrated  in  Table  14. 

Although  these  data  are  incomplete  in  the  sense  that  the  only  isothermal  curves 
of  hardness  versus  annealing  time  which  could  be  drawn  are  those  for  400  C,  there  is 
evidence  of  a  decreasing  activation  energy  for  re  cry  stallization  with  increasing  per 
cent  reduction.  The  rapidity  with  which  the  recrystallization  process  occurs  once  it 
has  been  initiated  is  not  immediately  apparent  from  the  data,  since  there  is  no  clear 
dividing  line  between  recovery  and  recrystallization  in  the  case  of  those  specimens 
which  have  not  reached  the  hardness  of  fully  recrystallized  material.  There  does, 
however,  seem  to  be  an  increase  in  the  rate  of  re  cry  stallization  with  increasing  per 
cent  reduction. 

Another  P  per  of  importance  on  the  recrystallization  of  platinum  is  that  of 
Middleton,  Pfeii,  and  RhodesW  on  the  recrystallization  of  platinum  produced  by 
powder-metaliurgical  techniques.  As  shown  in  the  curves  of  Figures  16  and  17,  the 
recrystallization  temperature  of  pla! inum  produced  by  this  method  is  dependent  on  the 
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TABLE  14.  ANNEALING-HARDNESS  TESTS  ON  PURE  PLATINUM^61) 


•i? 
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I  KJ  C.  *** 


Tensile  Strength  ,  psi  x  10  Elongation,  per  cent  i  inch 


Diamond  Pyramid  Hardness  Number 


i't 


FIGURE  17.  EFFECT  OF  HEATING  FOR  15  MINUTES  ON  THE  HARDNESS 
OF  92  PER  CENT  COLD-DRAWN  PLATINUM  WIRES 
PRODUCED  UNDER  VARIOUS  CONDITIONS^8) 
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puttering  temperature  a»ul  deviate#  markedly  from  the  curve#  (or  regular  platinum.  It 
in  suggested  by  the  author#  that  the  high  recryntalliRatlon  temperature  o(  the  ninlerrd 
platinum  i#  due  to  #uitably  dispersed  porosl'y.  The  purity  o(  the  material  used  in  this 
r xper! ment  *a#  99.9*  per  cent  platinum. 


Alloy  Syatcma 


Pit  n  section  Include#  the  available  information  on  the  constitution  of  binary  alloys 
of  the  platinum-group  metals.  The  emphasis  here  is  on  uystems  Involving  rhodium, 
iridium,  osmium,  and  ruthenium,  and  constitution  diagrams  of  systems  involving  these 
elements  are  presented  wherever  available.  The  constitution  diagrams  of  platinum- 
and  palladium -base  alloys  have  been  omitted,  mainly  because  of  the  large  number  that 
are  available  and  published  in  other  reviews .( 6,  "0  In  the  following  discussions,  when 
an  alloy  system  is  omitted  (for  instance,  eilver-osmium)  it  is  because  no  information 
has  been  fou  id  concerning  that  system. 

A  particularly  valuable  reference  work  for  information  on  alloy  systems  is 
Hansen  and  Anderko  s  Constitution  of  Binary  Alloys.  (See  "Bibliography"  at  end  of 
text.  )  Many  of  the  data  presented  here  were  condensed  from  this  book,  however,  suf¬ 
ficient  new  references  are  included  that  it  was  considered  necessary  to  include  all  of 
the  data  in  this  report. 


Si  lve  r 


Iridium. 


Iridium  is  reported  to  be  insoluble  in  molten  silver.  (62) 


Palladium.  Several  inveptigators(  63,  64,  65)  conclude  that  silver  and  palladium 
form  a  continuous  series  of  solid  solutions.  However,  Theirer(66)^  on  the  basis  of 
discontinuities  in  the  thermal  expansion,  and  Glander^?),  on  the  basis  of  studies  of  the 
system  silver -copper -palladium,  conclude  that  new  phases  form  in  the  solid  state. 


Platinum.  The  solubility  of  silver  in  platinum  is  reportedly  between  7.5 
and  13.  25  weight  per  cent  (  13.  5  and  22.  5  atomic  per  cent)  silver.  (68) 

Two  intermediate  homogeneity  range3  having  ordered  structures  with  ideal  com¬ 
positions  PtAg  (face-centered  cubic)  and  Pt3Ag  (face -centered  cubic)  exist  below 
750  C.  (69,70)  The  ordered  Pt3Ag  undergoes  a  transformation  to  another  ordered 
structure  below  650  C. 


Rhodium.  Rhodium,  like  iridium,  is  reportedly  insoluble  in  molten  silver.  (62) 
Hov/ever,  X-ray  investigations  of  silver -rhodium  alloys  show  that  these  alloys  consist 
of  practically  pure  silver  and  a  rhodium  solid  solution  of  at  most  0.  07  weight  per  cent 
(0.  1  atomic  per  cent)  silver.  (71) 
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lUnhcntuin.  Invc  nitration  4  5  weight  per  cent  (.’..-I  Atomic  per  cent)  ruthenium 
alloy  indicate  p  dome  slight  solid  solubility  of  ruthenium  In  Oliver.  (  '  *-) 


Aluminum 


r,.i  1  Indium.  Grubc  and  Jauch^*)  have  otu<licd  the  palladium-aluminum  system 
uoing  thermal,  ther  moreoiotometric ,  and  mctallographic  studies  of  aevcral  alloyrt. 
Their  phase  relationships  show  a  solubility  of  approximately  -1.  1  weight  per  cent 
(15  atomic  per  cent)  aluminum  in  palladium  at  400  C  and  the  existence  of  three  com¬ 
pound  phases,  PclAlj,  PdAl ,  and  Pd^Al,  corresponding  to  the  compositions  43.  14, 

20.  19,  and  11.22  weight  per  cent  aluminum,  respectively. 

Platinum.  According  to  Chour  iguino(  ,  there  appears  to  be  no  solid  solubility 
of  platinum  in  aluminum.  Investigation  of  alloys  containing  up  to  80  weignt  per  cent 
(35.6  atomic  per  cent)  platinum  shows  three  phases  forming  from  hype reulectic  melts. 
The  phase  richest  in  platinum  probably  is  PtAl^  (70.69  weight  per  cent  platinum). 


Arsenic 


The  compounds  MAs^  have  been  reported  for  all  of  the  platinum-group  metals 
except  osmium.  All  of  these  compounds  can  be  made  by  synthesis  of  the  elements; 
however,  for  the  more  refractory  metals,  heating  the  metal  trichloride  with  arsenic 
in  a  hydrogen  stream  is  perhaps  the  easiest  way  of  obtaining  the  compound.  (75) 


Gold 


Iridium.  The  solid  solubility  of  iridium  in  gold  is  reportedly  negligibly 
small.  ( 76)  No  investigations  into  the  solid  solubility  of  gold  in  iridium  have  been 
reported. 


/  h  * 

Osmium.  LindeO°J  has  showi  by  electrical-resistance  methods  that  osmium, 
like  iridium,  has  negligible  solid  solubility  in  gold. 


Palladium.  Studies  by  Ruer(^)  established  that  palladium  and  gold  form  a 
continuous  series  of  solid  solutions  .  The  results  of  other  investigations(  78,  79, 80)  Gf 
physical  properties  of  the  palladium-gold  system  support  this  conclusion;  however, 
some  peculiarities  in  curves  of  thermal  emf(81)  and  electrical  resistivity^®^)  versus 
composition  in  the  neighborhood  of  70  weight  per  cent  gold  indicate  the  possibility  of  a 
structural  change  in  this  region. 


Platinum.  Darling,  Mintern,  a.nd  Chuston(®®)  have  studied  the  phase  relation¬ 
ships  of  the  platinum- gold  system  and  shown  the  existence  of  a  two-phase  region. 
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ranging  from  ab-ou*.  1  ?5  so  Hi  weighs  prr  tens  ( .’.  So  HI  atomic  jwer  erns)  gold  at  f»00  C, 

with  4  maximum  trmj»era!ur«?  of  appr oximalely  t .* SO  C  as  40  weighs  por  coni  (40  atomic  1 

|»r  r  cen:)  guld. 

Rhodium.  Microscopic  and  X-ray  stud.cn  show  that  the  rhcdlum  -  gold  system 
consists  of  tc r ml  na  1  solid  solution*  of  Z.  Z  to  -$.9  weight  per  cent  (4.  1  to  9.0  atomic  per 
ccr.t)  rhodium  in  gold,  and  Z  to  4.  5  weight  per  cent  (1.1  to  Z.  4  atomic  per  cent)  gold  in 
rhodium  with  no  intermediate  phases  existing.  (62  >  ^  H 

l,indc(7°)  ban  reported  that  the  solid  solubility  of  rhodium  in  gold  is  about  0.  3 
weight  per  cent  (0.  56  atomic  per  cent)  at  900  C. 

Ruthenium .  Lmde^  ^ has  shown  by  e  lee t  r  leal  -  r e instance  measurements  lh.it 
ruthenium,  like  osmium  and  iridium,  has  negligible  solubility  in  gold. 


Do  ron 

Duddery  and  Welch(84)  have  identified  the  following  borides: 

Ir  -  3.  60  weight  per  cent  boron 
IrD  -  5.  31  weight  per  cent  boron 
IrB^  -  10.  08  weight  per  cent  boron 
OsB  -  5.  37  weight  per  cent  boron 

OsBj  -  10.  22  weight  per  cent  boron;  cubic;  a.  -  7.  04  A 
OsxBy  -  Unknown  composition,  richer  in  boron  than  OsB^ 

PdjB^f  '>)  -  6.  33  weight  per  cent  boron;  hexagonal;  a  =  6.  43  A, 
c  =  3.  43  A 

Pt3B?  or  PtB  -  In  the  range  3.  5  to  5.  25  weight  per  cent  (40  to  50  atomic 
per  cent)  boron;  a  tentative  structure  of  PtB  was  given 
as  tetragonal,  a  =  2.  78  A,  c  =  2.  96  A;  between  platinum 
and  this  pha.se  a  "complex  region"  was  observed;  addi¬ 
tions  of  boron  appear  to  lower  the  melting  point  of 
platinum  considerably(65) 

Rh^B  -  4.99  weight  per  cent  boron;  orthorhombic;  8  rhodium 

atoms  per  unit  cell;  a  =  5.42A,  b  ~  3. 93  A,  c  =  7.  44  A 

RhB  -9.51  weight  per  cent  boron 

RhxBy  -  Greater  boron  content  than  RhBg'  Mooney  and  Welch(®6) 
have  observed  an  additional  phase  between  Rh^B  and 
RhB,  although  an  identification  of  this  phase  has  not 
been  made 
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Ru^H  -  5.05  weight  J,cr  tout  boron 
RuB  -  9.62  weight  per  cent  boron,  cubic,  .i  •  6.98  A 
Ro>lij  -  1  i .  76  -*  v.  igl  t  |«r  ecu!  boron 
RuB»  -  17.  55  weight  |>cr  cent  iwron. 

Re  inache  reported  that  boron  formti  a  low-melting  eutectic  with  all  o(  the  platinum- 

group  met. a  la  1  he  melting  points  of  the  eutectics  arc  an  follows:  iridium,  10*16  C. 

osmium  >1500  C(?).  palladium,  743  C.  platinum,  800  C,  rhodium,  1131  C.  and 
ruthenium,  1  3  70  C . 


Barium 


Platinum.  Heumam^®)  has  identified  the  compound  BaPt^  as  a  hexagonal  CaCu5* 
typo  structure,  six  atoms  per  unit  cell,  with  a  =  5.  505  A  and  c  =  4.  342  A.  ThiB  phase 
is  stable  only  at  elevated  temperatures;  however,  complete  decomposition  on  cooling 
can  be  prevented  by  quenching. 


Beryllium 

Compound  phases  in  systems  of  the  refractory  platinum  metals  with  beryllium 
have  been  studied  by  Misch(89)  and  Kaufmann,  Gordon,  and  Lillie.  (90)  Compounds 
and  their  compositions  and  solubility  limits,  where  available,  are  summarized  below: 


Be^Ir  -  8.  54  weight  per  cent  beryllium 

Be^Os  -  8.  66  weight  per  cent  beryllium;  alloy  of  20  weight  per  cent 

beryllium  as  cooled  from  the  melt  is  two  phase  with  20  to  30 
per  cent  eutectic 


Be^Rh  —  14.9  weight  per  cent  beryllium;  complex  powder  pattern  similar 
to  Be^Ir;  alloy  of  90  weight  per  cent  beryllium  as  cooled  from 
the  melt  is  two  phase  with  a  eutectic  network 

Be^Ru  -  15.06  weight  per  cent  beryllium;  complex  powder  pattern  simi¬ 
lar  to  alloy  of  Be^Os  (90  weight  per  cent  beryllium)  as  cooled 
from  the  melt  is  two  phase,  with  about  20  per  cent  eutectic 
and  a  fine  precipitate  in  the  primary  beryllium. 


Palladium.  Palladium-rich  alloys  of  the  palladium-beryllium  system  have  been 
studied  by  several  investigators  .  (89, 90,  91 , 92)  One  of  the  important  features  of  this 
system  is  the  existence  of  a  low-melting  eutectic  (930  C)  at  about  2.  1  weight  per  cent 
(20  atomic  per  cent)  beryllium. 
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The  following  comjwuml  |th4ore  have  been  identified 

UelMj  -  2.  74  wright  per  cent  beryllium 

lleJMj  "  4.05  weight  per  cent  beryllium 

llc,Pdj  -  5.  J3  weight  per  cent  beryllium 

He  jPd.(  V)  -  6.  10  weight  per  cent  beryllium 

lie  j  ,  Pd  j  ^(  ?  )  -  7.25  we  l gilt  pc  r  cent  be ry  Ilium 

lie  Pd  -  7.79  weight  per  cent  beryllium,  CsCl  (D2)-type  structure; 
a  =  2.819  A 

BerPd  -  26.69  weight  per  cent  beryllium;  MgCu^-type  structure; 
a  =  5.  994  A. 

The  solid  solubility  of  beryllium  in  palladium  is  reportedly  between  0.  05  and 
U.  09  weight  per  cent  ( 0.  6  and  1  .  0  atomic  per  cent)  beryllium  at  950  C,  and  less  than 
0.  05  weight  per  cent  (0.  6  atomic  per  cent)  beryllium  at  400  C. 


Platinum .  The  solid  solubility  of  beryllium  in  platinum  is  reportedly  0.06  weight 
per  cent  (1.28  atomic  per  cent)  be  ryllium.  ( 93)  Nemilov  and  Rudnitsky(94)  conclude,  on 
the  basis  of  hardness  measurements  of  annealed  alloys,  that  the  solubility  limit  is  much 
higher,  approximately  0.  25  weight  per  cent  (5.  15  atomic  per  cent)  beryllium,  and  is 
relatively  independent  of  temperature. 

Kaulmann,  et  al.  ,(90)  ha3  observed  a  two-phase  structure  of  about  20  per  cent 
eutect'c  in  an  80  weight  per  cent  beryllium  alloy. 

Misch(  ^9 )  reports  the  existence  of  only  one  compound  of  composition  Pt^Be^j, 
with  a  structure  similar  to  deformed  gamma  brass. 


Bismuth 


Iridium.  Bismuth-iridium  alloys  up  to  7  2  weight  per  cent  (70  atomic  per  cent) 
iridium  have  been  investigated  by  Belonogov.  ( 95)  p-  Was  necessary  to  heat  the  elements 
‘o  1450  to  1500  C,  slightly  above  the  boiling  point  of  bismuth,  to  achieve  alloying. 

Two  compounds,  IrBi,  51.98  weight  per  cent  bismuth,  and  Ir^Bi,  35.  12  weight 
per  cent  bismuth,  were  detected;  both  are  the  decomposition  products  of  a  eutectic  at 
1420  C. 


Platinum.  Information  on  the  platinum-bismuth  system  is  scarce.  Measurements 
of  the  temperature  coefficient  of  resistivity  show’  a  slight  decrease  with  the  addition  of 
small  amounts  of  bismuth  to  platinum,  indicating  a  slight  solid  solubility  of  bismuth  in 
platinum.  (96) 
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The  rxf#tcnce  of  the  following  platinum -bismuth  compounds  has  been  reported 

PtUi  -  51.71  weight  per  cent  bismuth,  NiAs  (D8)-type  st ructurc(97) 

PtBi^j  -  68.  15  weight  per  cent  bismuth;  cubic,  pyrlte  (C2)-typc  atruc- 
turc.  a  «=  6.69  a(^8,99) 

PlBi  j  -  76.  25  weight  per  cent  biamuth.  (100) 


Rhodium.  The  rhodium-rich  portion  of  the  rhodium-bi amuth  ayatem  haa  not  been 
investigated;  in  the  composition  range  65  to  90  weight  per  cent  biamuth,  the  following 
compounds  have  been  detected  ;(  1®  1 

RhDi  -  67  weight  per  cent  bismuth;  NLAs  (D8)-typc  structure;  a  =  4.  08  A, 
c  =  5.  66  A 

RhBi£  -  80.  24  weight  per  cent  bismuth 
RhBi^  -  89.  04  weight  per  cent  bismuth. 


Carbon 


Moiasan(l®^»  104)  reports  that  all  of  the  platinum-group  metals  dissolve  carbon 
when  molten,  the  carbon  being  precipitated  as  graphite  on  cooling.  Investigations  of 
osmium  powder  exposed  to  methane  at  1200  and  2000  C  disclosed  no  change  in  lattice 
parameter  s  .(105) 

Collier,  etal.,(*®k)  reports  that  melting  platinum  in  a  graphite  crucible  reduced 
the  melting  point  of  platinum  to  17  34  C  and  resulted  in  an  ingot  containing  1.  2  weight 
per  cent  carbon  with  a  structure  of  primary  graphite  in  a  eutecticlike  matrix.  Lattice  - 
parameter  measurements  of  this  material  indicate  a  solid  solubility  of  0.  25  weight  per 
cent  carbon  in  platinum. 


Calcium 


Vines(®^)  reports  that  calcium  has  a  slight  solid  solubility  in  platinum. 


Cadmium 


Investigations  of  the  cadmium-palladium  and  cadmium-platinum  systems  by 
Hume -Rothery,  et  al.  disclosed  the  existence  of  three  modifications  of  the  Hume- 

Rothery  7-phase,  in  high-cadmium  alloys. 
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liter  homogeneity  ruitRci  of  these  phaoeo  are  tabulated  below; 


Cadmium-  Palladium 


C  a  dm  turn- Plan  nu  m 


y  -  hi  .  4  to  84  .  4  w-clght  per  cent  (80.  7 
to  83.  3  atomic  per  cent)  cadmium, 
a  =9.  96  A  at  83.  5  weight  |»cr  cent 
(82.5  atomic  per  cent)  cadmium 

Yj  -  78  2  tc  80.  9  weight  per  cent  (77 
to  80  atomic  per  cent)  cadmium; 
a  =  9.9  3  At  79.  1  weight  per  cent 
(7R  Atomic  per  cent)  cadmium 

>2  -  -74  weight  per  cent  (73  atomic 
per  cent)  cadmium 


f  -  7  2.  8  to  76.  6  weight  pc r  cent  (82.5 
to  85.  5  atomic  per  cent)  cadmium, 
a  m  9.  89  A  at  75.0  weight  per  cent 
( 8  i .  9  atomic  per  cert)  cadmium 

7 1  -  6  3.8  to  65.8  weight  per  cent  (75.5 
to  77  atomic  per  cent)  cadmium 

>2  -  59.7  to  61.9  weight  per  cent  (72 
to  74  atomic  per  cent)  cadmium 


At  600  C  there  appears  to  be  a  solid  solubility  of  about  25  and  17  weight  per  cent 
cadmium  in  palladium  and  platinum,  respectively.  Below  600  C  the  limit  of  solubility 
of  cadmium  in  platinum  seems  to  decrease,  whereas  in  palladium  the  limit  of  solu¬ 
bility  appears  unaffected  by  t  emperatur  e  .  ( 1  08,  1 09 )  The  phase  relationships  of  low- 
cadmium  alloys  have  not  yet  been  fully  investigated,  so  that  no  conclusions  on  the 
change  of  cadmium  solubility  with  temperature  can  be  made. 


Cobalt 

Koster  and  Horn^^O)  h  ave  investigated  alloys  of  the  four  refractory  platinum- 
group  metals  with  cobalt.  Constitution  diagrams  for  these  systems  are  presented  in 
Figures  18  through  21.  In  all  systems  the  liquidus  and  solidus  lines  are  hypothetical, 
and  are  based  on  observations  of  the  experimental  alloyo  and  the  known  melting  points 
of  the  various  metals.  Also,  the  phase  boundaries,  where  represented  by  broken  lines, 
are  hypothetical.  In  all  the  figures  the  lines  90  and  denote  the  Curie  temperatures 
of  the  a  and  c  phases,  respectively. 


Iridium.  Lattice-parameter  and  microscopic  investigations  indicate  that  the 
face-cente red-cubic,  modification  of  cobalt  forms  a  continuous  series  of  solid  solutions 
with  iridium.  The  transformation  curves  in  Figure  18  are  based  on  magnetic  and 
dilatometric  measurements  and  give  the  start  of  the  £'-►  a  transformations  on  heating 
and  cooling.  The  transformation  curves  cannot  be  considered  as  true  equilibrium 
curves . 

In  constructing  the  hypothetical  liquidus  and  solidus  curves,  the  minimum  at 
about  29.  1  weight  per  cent  (57  atomic  per  cent)  cobalt  v/as  included  because  alloys 
containing  23.  2  and  30.5  wei  ght  pe  r  cent  (49.4  and  58.4  atomic  per  cent)  cobalt  were 
partially  molten  on  annealing  at  1400  C.O10) 
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Osmium.  in  she  <  apt  of  osmium  she  r  c  s  a  a  consinuoue  T-srirn  of  nolul  solutions 
with  the  low-tcmjwr  aturc  hFXAgonal-clo*© -packet!  modification  of  cob  a  Is.  The  solidifi¬ 
cation  interval  of  a».u>p  coni aining  10.  5  So  >12.  1  weigh!  j>cr  cent  (27  *o  70  atomic  per 
cent)  cobalt  is  assumed  to  be  broad  because  alloys  In  this  range  required  homo  genista  ■ 
■ion  anneals  about  100  C  below  the  solidus. 


Palladium.  Palladium  forms  a  continuous  series  of  solid  solutions  with  the  high* 
temperature  face -ccntc red -cubic  modification  of  cobalt.  Grubc  and  Kastnerf  I  1  1)  have 
established  that  a  minimum  in  the  liquidus  •~urve  exists  at  1217  C  and  about  36.  V  weight 
per  cent  (SO  atomic  per  cent)  cobalt.  Grubc  and  W  inkle  rO  l^)  using  magnetometric 
measurements  have  shown  the  Curie  temperature  to  decrease  smoothly  from  111?  C 
for  pure  coball  to  0  C  at  about  -1  weight  per  cent  (8  atomic  per  cent)  cobab.  They 
also  have  shown  that  a  strong  hysteresis  occurs  for  the  C  -•  a  t  r  ans  for  ma  tion. 


Platinum.  Platinum,  like  the  other  face -cento  red-cubic  platinum  -  group  metals 
forms  a  continuous  series  of  solid  solutions  with  the  high-temperature,  face -centered- 
cubic  modification  of  cobalt.  Also,  like  the  other  metals  of  the  group,  a  minimum  was 
observed  in  the  liquidus  curve  at  1430  C  and  about  48.  2  weight  per  cent  (85  atomic  per 
cent)  cobalt.  (63,113) 

Two  order -disorder  transformations  have  been  observed  in  the  platinum-cobalt 
system.  One  has  a  maximum  in  the  transformation  curve  at  22.9  weight  per  cent 
( 50  atomic  per  cent)  cobalt  (PtCo)  at  825  C.  (  *  *3 ,  114)  The  homogeneity  range  of  this 
face -centered-tetragonal  phase  [  a  =  .3. 793  A  and  c  =  3.  675  A  at  23  weight  per  cent 
(50  atomic  per  cent)  cobalt]  extends  from  10  to  25  weight  per  cent  (26  to  50  atomic  per 
cent)  cobalt.  The  other  order-disorder  transformation  occurs  in  the  region  of  9.0 
weight  per  cent  (25  atomic  per  cent)  cobalt  (Pt3Co)  with  a  maximum  in  the  transforma¬ 
tion  curve  lying  between  700  and  800  C.  (  ^ 5) 

As  was  observed  with  palladium-cobait  alloys,  the  Curie  temperature  in  the 
piatinum-cobalt  system  decreases  smoothly  from  1  3  20  C  for  pure  cobalt  to  0  C  at  about 
3.5  weight  per  cent  (11  atomic  per  cent)  co bait .(113) 


Rhodium.  As  with  iridium,  rhodium  forms  a  continuous  series  of  solid  solutions 
with  the  high-temperature,  face -centc  red-cubic  modification  of  cobalt.  It  is  interest¬ 
ing  to  note  that  the  transformation  curves,  obtained  by  magnetic  and  dilatometric 
measurements,  show  an  increasing  transformation  hysteresis  with  decreasing  cobalt 
content.  From  the  phase  diagram,  Figure  20,  it  is  seen  the  a  to  £j  transformation 
occurs  below  room  temperature  in  alloys  containing  .less  than  35.4  weight  per  cent 
(50  atomic  per  cent)  cobalt.  It  should  be  emphasized  that  the  transformation  curves 
presented  here  are  not  equilibrium  curves  but  denote  the  temperatures  of  the  start  of 
the  diffusionless  £'-*-  a  and  a  —  e'  transformations  or  heating  and  cooling  respectively. 

Again,  as  with  iridium,  alloys  containing  15.4  and  29.  1  weight  per  cent  (24.  8 
and  42.  8  atomic  per  cent)  cobalt  were  partially  molten  on  annealing  at  1400  C. 
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Ruthenium  Like  osmium,  rulhoniuin  forum  a  con!>r.uou»  prrtr#  of  stolid  o«»lu* 
t  ton*  wish  ihr  low -temperature  ,  he  xagotiAl- clone  •  packed  modification  of  cobalt.  The 
t  ran*formai‘.on  curve#  presented  in  Figure  21,  represent  equilibrium  conditions  above 
1000  C  and  arc  nonequilibrium  curves  below  1000  C. 

A  minimum  m  the  liquldun  curve  at  about  84.  2  weight  per  cent  (90  atomic  per 
cent)  <  oba It  was  constructed  as  allots  containing  HI.  7  and  85.6  weight  per  cent  (88  and 
91  atomic  per  cent)  cobalt  were  partially  molten  on  annealing  at  1400  C.(^9) 


Ch  ro  rmurn 


Alloys  of  chromium  with  the  refractory  platinum-group  metals  have  been  investi¬ 
gated  by  UaubHlM,  Raub  and  Mahler^^),  and  Greenfield  and  Dcck^lh)  Information 
on  solubility  limits  anti  homogeneity  ranges  of  phases  arc  tabulated  below: 


Mcul 

Solubility  Limit,  weight  per  cent 

i.»  ui  M  M  m  Ct 

Homogeneity  Rangi 
Hexagonal -Close  -Packed 

1  Phase 

•,  weight  per  cent  chromium 

Cubic /J-W  Phase  0  -Phase 

IriJiuiii 

.1.  7 

!».  7 

1 1  2  ' .  2 

41.  3-50.0 

Osmium 

22. -1  poOu-UhO  C) 

2s.  1 

CtjOs 

Cr-Os(a) 

i. 

narrow 

(a  *  4.  G84  A) 

Rhnd i urn 

•1.02  (  MO  C) 

10,  6  ( H00  Q 

13.9-43.4  (  »00  C) 

Cr3Rh 

■  14.  5  1  1200  C) 

24.  )  (1300  Q 

33.  8-48.  9  (  1200  C) 

Ruthenium 

21.0  i  100  C) 

27.  2  ( 900  C) 

Cr^Ru 

C^Ru^  ^ 

(below  950  C) 

25.3  (1300  C) 

30. 2  (1300  C) 

(a)  the  a -phase, Ci ^-H,  Identified  by  Raub^^.  is  tetragonal,  a  =  105  A,  c/a  ■ 

0. 516 ,  and  stable  only 

at  elevated  temperatures. 

(b)  Raub  and  Mahler  also  identified  a  phase,  -C^Ru,  formed  below  950  C. 


In  addition  to  the  above  phases,  in  the  iridium-chromium  system,  a  ferromag¬ 
netic  ordered  phase  of  the  CU3AU  type  has  been  observed  to  form  at  low 
te  mperatur  es  .  (  ^ 


Palladium.  The  palladium-chromium  system  has  been  investigated  recently ^  19) 
The  results  of  this  work  show  a  solid  solubility  of  about  20.  8  weight  per  cent  (35  atomic 
per  cent)  chromium  in  palladium  at  300  C,  rising  to  about  33.  6  weight  per  cent 
(51  atomic  per  cent)  chromium  at  1313  C,  the  eutectic  temperature.  An  intermediate 
phase,  CrPd,  face -centered  tetragonal,  a  =  3.881  A,  c/a  =  0.975,  has  been  identified; 
this  phase  forms  pe ritectoidally  below  570  C. 
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Platinum.  Investigation*  of  tho  platinum-chromium  system^  ^  havo  shown  that 
chromium  liaa  a  high  solid  solubility,  39.9  weight  p«r  cent  (71  atomic  per  cent)  up  to 
1000  C  in  platinum,  and  that  the  ayrtem  ia  devoid  of  compound  phases.  More  recent 
Investigations^  19,  1 18)  h*«0w  a  lower  chromium- solubility  limit,  30.6  weight  per  cent 
(6 2  atomic  per  cent)  up  to  MOO  C,  and  the  existence  of  an  Intermodule  0-W-type  phase, 
Cr^Pt.  On  both  aidco  of  this  phase,  eutectic  transformations  occurred. 


Coppc r 


Palladium.  Several  investigators  report  that  palladium -copper  alloys  form  a 
continuous  series  of  solid  solutions,  and  that  at  low  temperatures  two  order-disorder 
transformations  occur  giving  rise  to  ordered  structures  based  on  the  compouitions 
PdCuj  and  PdCu.  (120,  121,122)  The  homogeneity  ranges  of  the  ordered  phases  arc 
subject  to  several  conflicting  reports,  but  most  investigators  agree  on  37.  1  to  56.  6 
and  62.  0  to  82.  9  weight  per  cent  (50  to  70  and  75  to  91  atomic  per  cent)  copper  with 
maximum  temperatures  of  about  600  and  500  C,  respectively. 


Platinum.  Like  palladium,  alloys  of  platinum  with  copper  form  a  continuous 
series  of  solid  solutions  at  elevated  temperatures.  At  lower  temperatures  two  order- 
disorder  transformations  occur,  one  in  the  range  2.7  to  44.  4  weight  per  cent  (8  to 
71  atomic  per  cent)  copper  embracing  the  compound  compositions  PtyCu,  Pt3Cu,  and 
PtCu,  and  the  other  in  the  range  45.  6  to  97 . 3  weight  per  cent  (72  to  99  atomic  per  cent) 
copper,  including  the  composition  PtCu^. 

The  maxima  in  the  transformation  curves  occur  at  81  d  C  at  24.6  weight  per  cent 
(50  atomic  per  cent)  copper  and  645  C  at  56.9  weight  per  cent  (80  atomic  per  cent) 
copper. (120,  123) 

The  structures  of  the  ordered  phases,  PtCu,  Pt3Cu,  and  PtyCu  are  similar  to 
that  of  a  unit  cell  containing  32  atoms  on  a  parameter  twice  as  large  as  that  for  the 
disordered  structure.  (123) 


Rhodium.  A  tentative  constitution  diagram  of  the  rhodium-c.opper  system  is 
presented  in  Figure  22.  The  data  reported  in  this  study  are  limited,  hence  the  consti¬ 
tution  diagram  is  considered  tentative.  From  the  diagram  there  appears  to  be  a  solid 
solubility  of  6.  3  weight  per  cent  (10  atomic  per  cent)  copper  in  rhodium  and  29. 0  weight 
per  cent  (20  atomic  per  cent)  rhodium  in  copper  at  800  C.(124) 


Iron 


There  is  no  information  presently  available  on  the  systems  iron-iridium, 
-osmium,  and  -ruthenium  for  alloys  rich  in  the  platinum  metals.  Work  on  iron-rich 
alloys  has  been  done  by  Wever(125)>  Fallot(126),  and  Gibson  and  Hume-Rothery(  1  27) > 
This  information  is  not  presented  because  it  contributes  little  to  the  knowledge  of  the 
platinum-rich  alloys  which  are  of  primary  interest  here. 
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Palladium.  GrigorJcw(  1  ^0)  eatablinhcd  the  cxUtcnco  of  a  minimum  in  the 
liquidun  curve  At  about  1310  C  and  34.7  weight  per  cent  (50  atomic  per  cent)  iron,  and 
the  presence  of  an  ordered  phase  FcPdj  with  a  maximum  on  the  transfor mation  curve 
at  16.1  to  17.6  weight  per  cent  (26.  2  to  2fl.  5  atomic  per  cent)  iron  and  810  C.  Other¬ 
wise,  palladium  forms  a  continuous  scries  of  solid  solutions  with  the  elevated- 
temperature  y-modLfication  of  iron. 

A  jccond  order-disorder  transformation  in  the  range  24.  1  to  44.‘5  weight  per  cent 
(37.4  to  60  atomic  per  cent)  iron  has  been  reported.  ( 1  ^ *  1  3®)  This  second-ordered 
structure,  with  the  theoretical  composition  FcPd,  has  a  maximum  at  24.9  to  26.2 
weight  per  cent  (38.  5  to  40  atomic  per  cent)  iron  and  880  C. 

The  structures  of  these  two  ordered  phases  arc:  FcPdij,  isotypic  with  CujAu 
(  L  i  £  type),  a  =  3 . 848  -  3.  851  A  at  i  5 .  2  weight  per  cent  (25  atomic  per  cent)  iron ,  and 
F'ePd,  face  -centcred-tetragonal,  a  =  3.  860  A,  c  =  3. 730  A  at  33.  1  weight  per  cent 
(48.  i  atomic  per  cent)  iron.(131) 


Platinum.  Like  palladium,  platinum  forms  a  continuous  series  of  solid  solutions 
with  7-iron  at  elevated  temperatures.  At  lower  temperatures,  in  addition  to  the  7  -*•  a 
transformation,  three  order -disorder  transformations  have  been  noted  in  iron- rich 
alloys  .(126,  130,  132,  133)  These  transformations  in  order  of  increasing  iron  content 
are  tabulated  below: 

7  -*  FePtj  -  8  to  iO.  2  weight  per  cent  (23  to  28  atomic  per  cent)  iron; 

maximum  between  700  and  800  C;  CU3AU  (Li  2) -type 
structur e( 133) 

7  -*  FePt  -  Vicinity  of  22.  6  weight  per  cent  (50  atomic  per  cent) 

platinum;  maximum  between  1300  and  1400  C;  isotypic  with 
CuAu;  a  =  2.719  A,  c/a  =  1.  369< 1  34) ;  a  =  3.  87  A, 
c/a  =  0.973\133) 

7  -*  FeiPt  -  37.  3  to  55.  8  weight  per  cent  (67  to  81  atomic  per  cent)  iron; 

maximum  about  835  C;  Cu^Au  (LI  2) -type  structure.  ( 133) 

All  of  the  ordered  phases  are  ferromagnetic.  However,  the  Curie  temperature 
of  FePt  3  between  2.  1  and  6.  8  weight  per  cent  (7  and  20  atomic  per  cent)  iron  is  about 
100  C. (133) 


Gallium 

Investigations  by  Hellner  and  Laves(l35,1  of  the  gallium- palladium  and  gallium- 
platinum  systems  have  disclosed  the  existence  of  four  intermediate  phases.  These 
phases  are  listed  below: 


_ Gallium- Palladium _ 

GaPd3  -  17.89  weight  per  cent  gallium 
GaPd2  -  24.  63  weight  per  cent  gallium 
GaPd  -  39.  52  weight  per  cent  gallium 
GayPd3  -  60.  39  v/eight  per  cent  gallium 


_ Gallium- Platinum _ 

GaPt  -  26.31  weight  per  cent  gallium 
Ga3Pt2  —  34.88  weight  per  cent  gallium 
Ga^Pt  -  41.66  weight  per  cent  gallium(l3^) 
GayPt3  -  45.45  weight  per  cent  gallium 
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G«jrma  rmim 


Iridium.  Two  into  r  mediate  phase#  in  the  gor  nuinlum  •  i  r  idium  nyntom  have  been 
identified.  These  .ire  lrGe,  27.  12  weight  per  cent  germanium,  MnP  (I331)-type  otruc- 
ture  w  t til  .1  s  6.281  A ,  b  a  5.611  A ,  and  c  =  3 .  490  AO  H),  and  Ir  jGey ,  46.73  weight  per 
rent  germanium,  body  -  cento  red  cubic,  with  40  atomr  per  uni t  eel!  ind  a  =  ft.  753  A .  H  3 8 ) 


Osmium.  Wallb.ium^  ha#  identified  the  phaac  OsGe^  (43.  29  weight  per  cent 
germanium)  with  the  name  crystal  structure  as  RuSi^,  which  ia  of  an  undetermined 
tetragonal  type. 


Palladium.  Using  microscopic  techniques,  PfiBterer(  *  ^7)  has  ahown  iht.  exist¬ 
ence  of  a  primary  palladium  solid  solution  and  four  intermediate  phases:  Pd^Ge^ 

[  2  1 .  39  weight  per  cent  (28.  57  atomic  per  cent)  germanium]  ,  Pd^Ge  (  25.  39  weigh,  per 
cent  germanium)  ,  PdGc  (40.49  weight  per  cent  germanium),  and  Pd^Ge ,  stable  only 
at  elevated  temperatures. 


Platinum.  The  following  phases  in  the  ge rmanium -platinum  system  have  been 
identified  by  microscopic  and  X-ray  studies  ;(1^7) 

Pt^Ge  -  i5.  68  weight  per  cent  germanium 

PtGe  -  27.  11  weight  per  cent  germanium;  iBotypic  with  MnP  (B31)-type 
structure;  a  =  6.088  A,  b=  5.733  A,  c  =  3.701  A 

Pt^Gc^  -  35.  81  weight  per  cent  germanium;  isotypic  with  Fe^P  (C22)-type 
structure ,  a  =  6.68  A,  c  =  3.53  A .  (140) 


Rhodium.  Gellerf^l)^  using  X-ray  diffraction  techniques,  has  studied  alloys  in 
the  region  19.  2  to  60  weight  per  cent  (25  to  66.  7  atomic  per  cent)  germanium.  The 
existence  of  four  phases  was  determined,  three  of  which  are  tabulated  below'; 

Rh^Ge-  26.08  weight  per  cent  germanium;  orthorhombic,  12  atoms  per 
cell;  a  =  5 . 44  A,  b  =  7. 57  A,  c  =  4.  00  A 

Rh^Ge^-  29.  74  weight  per  cent  germanium;  orthorhombic,  16  atoms  per 
cell;  a  =  5. 42  A,  b  =  10.32A,  c  =  3.96  A 

RhGe-41.  37  weight  per  cent  germanium;  orthorhombic;  MnP  (B31)-type 
structure;  a  =  5.70A,  b  =  6.48  A,  c  =  3.25  A. 


Ruthenium.  The  intermediate  phase  RuGe2,  51.81  weight  per  cent  germanium, 
with  an  unidentified  tetragonal  structure  similar  to  RuSi^,  has  been  identified.  ( 139) 
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Hydrogen 


Iridium.  A  survey  of  tho  literature  on  the  hydrogen-iridium  system  haa  been 
made  by  Smith.  0^**)  The  atudlca  reviewed  generally  are  in  conflict  with  one  another 
aa  to  whether  iridium  is  a  hydrogen  occluder,  ami  in  no  eases  are  definite  solubility 
data  given. 

There  are  no  data  available  on  the  effect  of  hydrogen  on  the  mechanical  proper¬ 
ties  or  fabricabi iity  of  tdium. 


Osmium.  The  adsorption  of  hydrogen  at  Atmospheric  pressure  by  line  osmium 
black  and  annealed  (sintered)  osmium  up  to  208  C  has  been  reported.  U 45)  The  sintered 
material  showed  much  lower  adsorption  values. 


Palladium.  The  hydrogen -palladium  system  has  been  studied  extensively  by  many 
investigators;  only  the  most  important  features  of  the  system  will  be  mentioned  here. 

Hydrogen  in  palladium  forms  two  distinct  phases,  a  and  /3,  the  limits  of  which  are 
strongly  dependent  upon  the  hydrogen  pressure  and  temperature.  The  a-  and  /5-phases, 
both  face-centered  cubic,  coalesce  at  295  C,  a  pressure  of  19.87  atmospheres,  and 
0.  25  weight  per  cent  (  21  atomic  per  cent)  hydrogen. 

The  solubility  limit  of  hydrogen  in  the  a-phase  is  about  0.  02  weight  per  cent 
( 2.  4  atomic  per  cent)  in  the  range  of  200  to  300  C.  0^7 ) 

Perminov,  et  al.  ,(1^8)  have  shown  the  effect  of  pressure  on  the  solubility  of 
molecular  hydrogen  in  the  /3-phase.  Increasing  the  hydrogpn  pressure  from  1  to 
700  atmospheres  resulted  in  an  increase  in  solubility  of  0.7  to  0.9  weight  per  cent 
(41.2  to  46.  7  atomic  per  cent)  hydrogen  at  15  C,  and  0.55  to  0.  78  weight  per  cent 
(35.9  to  43.  6  atomic  per  cent)  hydrogen  at  88  C. 

Smith ( 144)  an(j  Dushman(17)  give  more  extensive  reviews  of  the  hydrogen- 
palladium  system. 


Platinum.  Several  investigator s^ ^9,  150,  1  51 )  agree  that  the  solubility  of  hydro¬ 
gen  in  platinum  is  small.  The  solubility  increases  with  increasing  temperature  from 
about  0.  12  x  10~8  atomic  per  cent  hydrogen  at  409  C  to  1.  64  x  10-8  atomic  per  cent 
hydrogen  at  1342  C . ( 149) 


Rhodium.  The  data  of  several  investigators,  as  summarized  by  Smith(144)> 
concerning  the  solubility  of  hydrogen  in  rhodium  are  conflicting.  Smith  suggests  that 
the  conflicting  data  are  indicative  of  a  variable  occlusive  capacity  of  rhodium. 


Ruthenium.  The  adsorption  of  hydrogen  at  atmospheric  pressure  by  fine  ruthe¬ 
nium  black  up  to  186  C  has  been  investigated.  (145) 
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report#  on  cxporimcntd  on  the  polarization  capacity  of  ruthenium 
cathode #  that  indicate  a  con# idorable  cathodic  occlunion. 


Hafnium 


Ncvitt  and  Schwartz^®®)  have  investigated  the  existence  of  the  Ti^Ni-typc  phase 
in  alloys  of  the  platinum- group  metals  with  hafnium.  The  Ti^Ni  phase  was  genera  Hy 
found  in  alloys  containing  30  atomic  per  cent  platinum-group  metal  after  quenching 
from  1200  C.  It  was  found  that  in  some  cases  a  relatively  high  oxygen  level  was  re¬ 
quired  for  the  stability  of  the  phase.  Their  observations  arc  summarized  below. 


Iridium.  Examination  of  a  31.5  weight  per  cent  iridium  alloy,  containing  600  ppm 
of  oxygen,  quenched  from  1200  C,  revealed  it  was  single  phase  of  the  Ti^Ni  type,  with 
a  =  12.  352  ±  0.  001  A,  and  94  atoms  per  unit  cell. 


Palladium.  A  study  of  hafnium -palladium  alloys  contaimng  13  to  23  weight  per 
cent  palladium,  revealed  that  a  nominal  Hf^Pd  alloy  with  800  ppm  of  oxygen,  annealed 
at  1200  C,  was  initially  a  two-phase  structure  but  developed  a  single-phase  Ti^Ni-type 
structure  after  reannealing.  This  structure  had  a  lattice  parameter  of  12.  3605  ± 

0.  0003  A  and  an  oxygen  content  of  6700  ppm. 


Platinum.  A  hafnium-31.  5  weight  per  cent  platinum  alloy  containing  300  ppm  of 
oxygen,  annealed  at  1200  C,  had  a  Ti^Ni-type  structure  with  a  =  12.451  ±  0.  001  A  and 
94  atoms  per  unit  cell. 


Rhodium.  Investigation  of  20  and  22.  2  weight  per  cent  rhodium  alloys  revealed 
the  existence  of  a  TigNi-type  structure  in  both  alloys.  The  20  weight  per  cent  rhodium 
alloy  showed  a  two-phase  hafnium  solid  solution  and  Ti^Ni  structure  with  a  parameter 
of  the  Ti^Ni  phase  of  12.  3  255  ±  0.000  2  A. 


Me  rear  y 


Palladium.  A  study  of  palladium  amalgams  containing  11.2  to  34.8  weight  per  cent 
(19.2  to  50  atomic  per  cent)  palladium  disclosed  the  existence  of  three  distinct  phases 
as  listed  below;(142) 

Pd^Hgc;  --  17.8  weight  per  cent  (28,57  atomic  per  cent)  palladium;  found 
over  the  range  17  to  20.  2  weight  per  cent  (27. 7  to  32.  0  atomic 
per  cent)  palladium;  similar  to  the  7-brass  structure 

^^2^83  ~  Similar  to  PtZn£j  found  coexisting  with  above  phase  in  the  range 
23.  2  to  26.  2  weight  per  cent  (35. 9  to  39.  8  atomic  per  cent) 
palladium 

PdHg  -  CuAu  (Llg)-type  structure  with  a  =  4.  284  A,  c  =  3.  692  A. 
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Alao,  an  indication  of  a  fourth  |ih.uc  with  about  15.  I  weight  per  cent  (25  atomic 
per  cent)  palladium  wan  found. 


Platinum.  Invcutigfltton*  by  Bauer,  ct  al.  of  the  whole  composition  range 

disclosed  the  existence  of  three  lntcrr  icdiate  phases.  The  solid  solubility  of  mercury 
i:.  platinum  was  also  determined  p« •  ^metrical ly  an  lb.  1  weight  per  cent  (lb.  5  atomic 
per  cent)  mercury  after  a  *150  C  anneal. 

The  intermediate  phases  and  their  structures  are  as  follows: 

PtHg.j  -  19.57  weight  per  cent  platinum;  body -cente  red -cubic  ,  with  10  atoms 
per  cell;  a  =  6 .  lb  A 

PtHg2  ~  32.73  weight  per  cent  platinum;  tetragonal,  with  3  atoms  per  cell; 
a  =  4.67  A,  c  -  2.91  A 

PtHg  -  49.  32  weight  per  cent  platinum;  isotypic  with  CuAu  (LlnJ-typc  structure 
a  =  4. 20  A,  c  -  3.32A. 


Indium 


Palladium.  Hellner  and  Laves(^5)  report  the  existence  of  the  following  phases 
in  the  palladium- indium  system; 

Pd-rich  solid  solution  -  about  21.  2  weight  per  cent  (20  atomic  per  cent) 

indium 

Pd3ln  —  26.39  weight  per  cent  indium;  face-centered 
tetragonal;  a  =  4.  07  A,  c;  =  3.  80  A 

Pd^In  -  34.97  weight  per  cent  indium;  apparently  forms 
as  a  result  of  a  solid-state  transformation 

Pdln  —  51.82  weight  per  cent  indium;  isotypic  with  CsCl 
(B2)-type  structure;  a  =  3.  25  A 

Pd£ln3  —  61.73  weight  per  cent  indium;  isotypic  with 

Ni^Al-j  (D513)-type  structure;  hexagonal,  with 
one  formula  weight  per  unit  cell;  a  =  4.  53  A, 
c  =  5.  50  A 

Pdlnj  -  A  phase  of  approximately  76.  34  weight  per  cent 
indium,  having  a  "y-brass  structure  with  voids"; 
a  =  9.  44  A. 
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Platinum  The  following  intermediate  phadco  have  been  identified  by  X-ray 

a  im  1  >  #  i  o 

I  'tin  >  -  54.05  weight  {«  r  cent  indium.  1  not  y  pic  with  CaF^j  (Cl)-type  ntruc- 
i'jrc,  a  =  6.  346  a052)(  fitablc  at  elevated  temperature#;  decom¬ 
posed  to  form  Pt^In^ 

Pt  >In^  -  46.86  weight  per  cent  indium,  isotypic  with  Ni^Al^  (D?j  j)-type 
structure,  he>  agonal,  with  one  formula  weight  per  unit  cell, 
a  =  4.  5  3  A,  c  -  5.51  A<  1  3  5) 

l*t  57.84  weight  |>e  r  cent  indium,  isotypic  with  Ir^ony.  body-c  entered 

cubic  w i t h  40  atoms  per  unit  cell;  a  =  9.435  A .  ( 1  18) 

Rhodium  Schubert,  et  al.  ,(^53)  r f > o r* t s  the  compound  Rhln  to  have  n  CsCl  (132)- 
t  v  pe  structure,  with  a  =  3.  JO  A. 


I  r  ulium 


Osmium.  Iridium  and  osmium  occur  as  a  natural  alloy,  osmiridium,  containing 
between  30  and  65  weight  per  cent  osmium,  and  platinum,  rhodium,  and  ruthenium  in 

varying  amounts  .( 1  54) 

X-.-ay  investigation  of  the  natural  alloy  indicates  that  the  iridium-rich  solid  solu¬ 
tion  extends  to  3  1  to  35  weight  per  cent  osmium.  (  (55)  At  higher  compositions  a 
hexagonal-close-packed  osmium-rich  single  phase  was  obse rved .  ( 1  56) 

Fxaminatioi  of  cast  iridium-osmium  alloys  containing  38.7,  59.4,  and  79  weight 
per  cent  osmium  showed  a  two-phase  structur e(  1  57) f  indicating  the  existence  of  a 
miscibility  gap  between  the  terminal  solid  solutions. 


Palladium.  A  constitution  diagram  of  the  iridium-palladium  system  has  not  yet 
been  determined.  Since  the  metals  are  of  the  same  crystal  structure  and  their  atomic 
radii  differ  by  less  than  1  per  cent,  they  would  be  expected  to  form  a  continuous  series 
ni  solid  solutions. 


Platinum.  A  constitution  diagram  of  the  iridium-platinum  system,  compiled 
from  the  data  of  several  inve sti gator s(  158,  159,160,  161)  i3  presented  La  Figure  23 . 

Alloys  of  platinum  and  iridium  form  a  continuous  series  of  solid  solutions  at 
elevated  temperatures;  however,  at  lower  temperatures,  a  miscibility  gap,  with  a 
maximum  at  50  weight  per  cent  (50  atomic  per  cent)  platinum  and  975  C,  extends  over 
nearly  the  whole  composition  range.  This  transformation  was  first  observed  from  in¬ 
creases  in  tensile  strength  on  annealing  wires  containing  up  to  25  weight  per  cent 
iridium  at  700  to  800  C,  and  was  considered  due  to  an  ordering  reaction.  Work  by 
Raub  and  Plated  ^1)  has  shown  that  the  miscibility  gap  does  occur,  but  the  transforma¬ 
tion  is  extremely  sluggish. 
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FIGURE  23.  CONSTITUTION  DIAGRAM  OF  THE  IRIDIUM  -  PLATINUM 
SYSTEM  (158,  159,  160,  161) 
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Rhodium.  The  count  itulion  of  the  iridium- rhodium  oyolom  ha#  not  yet  been  in- 
ventilated.  However,  both  metal#  arc  face -cento red  cubic  and  their  atomic  diameter# 
differ  by  only  0.9  per  rcm.  hence  .!  i*>  probable  that  they  form  a  continuous  series  of 
solid  solutions. 


Ruthenium .  V.artcnberg,  et  al.  ,^16-)  reports  that  the  addition  of  a  low  per  cent 
ruthenium  to  iridium  raises  the  melting  point  of  iridium  by  several  hundred  •'egreen  C. 


Potassium  and  hithium 


Platinum.  It  has  been  reported  that  platinum  is  attacked  by  liquid  and  gaseous 
jotas  sium(  1  53)  (  and  reacts  with  molten  lithium  at  a  temperature  slightly  above  the 
melting  point,  186  C.(1^3) 


Magnes  mm 


Iridium.  Busk(  *^4)  found  Lhat  additions  of  iridium  to  magnesium  slightly  in¬ 
crease'!  the  axial  ratio  of  the  magnesium. 


Osmium.  Saue rwalc(  165)  reports  that  a  magnesium-rich  eutectic  exists. 


Palladium.  Additions  of  palladium  to  magnesium  result  in  a  slight  increase  in 
the  a  parameter  and  a  corresponding  decrease  in  the  c  /a  ratio.  (194) 

Platinum.  Hodgkinson,  et  al.  report  that  a  compound  Mg^Pt  (19.94  weight 

per  ceit  magnesium)  is  formed  by  reacting  platinum  with  magnesium  vapor  in  a  stream 
of  hydrogen. 

Additions  of  platinum  are  reported  to  increase  the  c/a  ratio  very  s lightly .  O 64) 


Rhodium.  Additions  of  rhodium  to  magnesium  decrease  the  a  parameter,  result¬ 
ing  in  a  alight  increase  in  the  c/a  ratio  of  magnesium. 


Manganese 


Iridium.  Figure  24  is  a  partial  phase  diagram  of  the  iridium-manganese  system 
based  on  work  by  Raub  and  Mahler(  1 1  &) ,  The  solubility  of  manganese  in  iridium  is 
approximately  18. 8  and  21.  3  weight  per  cent  (44  and  48  atomic  per  cent)  manganese  at 
650  and  1350  C,  respectively.  The  ^-manganese  phase  undergoes  an  order -disorder 
transformation  below  900  C  in  the  region  of  46.8  weight  per  cent  (75  atomic  per  ce  nt) 
manganese  to  Mn^Ir.  The  ordered  structure  is  of  the  C>uAu  type. 
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FIGURE  24.  PA  RITA  L  CONSTITUTION  DIAGRAM  OF  THE  IRIDIUM- 
MANGANESE  system'118' 
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Palladium.  The  entire  ;*a  lladtum  -  mangnne  sr  nyotrm  ha#  been  studied  by  ueveral 
wtvcnOgalur i»>  »  4  «  * •  *'v'^5.  Siowever,  only  th«*  nnuillhrlA  of  palladium-rich  alloys 

will  be  discussed  here. 

The  limit  of  solid  solubility  of  manganese  in  palladium  increases  from  15.  2 
weight  per  cent  manganese  at  300  C  to  18.4  weight  per  cent  at  1  350  C,  the  eutectic 
tempc  r.iture. 

The  solid  solubility  cf  palladium  in  manganese  vanes  from  below  10  weight  per 
cent  palladium  in  a-  and  ,n -manganese  to  30  to  35  weight  per  cent  palladium  in 
y-  manganese . 


Platinum.  Haub  and  Mahler^  1?)  report  the  existence  of  two  order-disorder 
transformations,  y-mangancsr  —  y' -manganese  (CU3AU  type)  below  1050  C  in  the 
neighborhood  of  the  composition  Mn^Pt,  and  platinurn-r ich  solid  solution  -*  MnPtj 
(CU3AU  type)  below  1000  C.  T  ley  also  report  the  solid  solubility  of  manganese  in  plati¬ 
num  as  14.  6  weight  per  cent  rranganese  up  to  a  eutectic  at  about  1425  C,  and  platinum 
in  n-  and  8-manganese  as  below  10  weight  per  cent  platinum. 


Rhodium.  Figure  25  is  .1  partial  phase  diagram  of  the  rhodium-manganese  sys¬ 
tem  based  on  X-ray  and  microscopic  studies.  (117) 

The  limit  of  solid  solubility  of  manganese  in  rhodium  is  given  as  about  8.  1, 

10.7,  and  21  weight  per  cent  (14,  18,  and  33  atomic  per  cent)  manganese  at  800,  1000, 
and  1  300  C,  respectively,  whereas  the  limit  of  rhodium  in  a-  and  /5-manganese  is  below 
5  weight  per  cent  rhodium. 

As  in  the  iridium-manganese  system,  the  y-manganese  phase  becomes  ordered 
to  a  C\i3Au-type  structure,  below  900  C,  in  the  neighborhood  of  the  composition  MnjRh. 


Ruthenium.  Raub  and  MahlerH^)  report  that  no  intermediate  phase  exists  in  the 
system  ruthenium-manganese.  T.t  would  seem  that  the  osmium-manganese  system 
might  be  similar  to  the  ruthenium- mangane se  system  in  that  the  atomic  diameters  of 
osmium  and  ruthenium  are  about  the  same.  The  partial  phase  diagram.  Figure  Zb,  is 
based  on  their  work. 


Molybdenum 


Iridium.  A  study  of  iridium-molybdenum  alloys,  between  2.  6  to  70  weight  pex* 
cent  (5.  2  to  82.4  atomic  per  cent)  molybdenum,  by  Raub(1^9)  revealed  the  existence  of 
the  following  phases: 

An  iridium-rich  solid  solution  containing  up  to  8.  9  weight  per  cent  (16.2 
atomic  per  cent)  molybdenum 
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FIGURE  25.  PARTIAL  CONSTITUTION  DIAGRAM  OF  THE  RHODIUM 
MANGANESE  SYSTEM^!?) 


FIGURE  26. 


PARTIAL  constitution  diagram  or  HIE  ruthenium 
MANGANESE  SYSTEM 
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A  hexagonal -closc-packcd  phase*,  C,  between  12.0  and  41.7  weight  per  cent 
(2! .  5  and  59  atomic  per  cent)  molybdenum;  a  •  2.  736  A,  c  »  4.  378  A;  and 
a  »  2.771  A,  c  »  4.436  A  at  12  and  40  weight  per  cent  molybdenum,  respectively. 

Mojlr,  59  85  weight  per  cent  molybdenum,  coexisting  with  almost  pure 
molybdenum,  isotypic  with  /3-W  (A1  5-type),  a  =  4.959  A  (mean). 


Osmium.  A  study  of  three  osmium-molybdenum  alloys  with  30,  50,  and  70  weight 
per  cent  (45.9,  66.5,  and  82.2  atomic  per  cent)  molybdenum^ ^9)  disclosed  the  exist¬ 
ence  of  the  following  phases: 

A  solid  solution  of  molybdenum  in  osmium  of  25.  2  weigh*  per  cent  molyb¬ 
denum  at  1  200  C 

Mo^Osj,  45.68  weight  per  cent  molybdenum,  presumably  with  a  o-type 
structurct  118) 

M03OS,  60.2  weight  per  cent  molybdenum,  /3-W  (A15)-type  structure. 


Palladium.  Raub(!69)  reports  that  no  intermediate  phase  exists  in  the  p  tlladium- 
molybdenum  system.  There  is  a  solid  solubility  of  molybdenum  in  palladium  t  f  33.  2, 
35.5,  and  44.9  weight  per  cent  molybdenum  at  800,  850,  and  1200  C,  respectively. 

The  solid  solubility  of  palladium  in  molybdenum  appears  to  be  quite  small. 

With  regard  to  the  solubility  of  palladium  in  molybdenum,  Greenfield  and  BeckP^®) 
report  the  solubility  of  palladium  in  solid  molybdenum  to  be  greater  than  23  weight  per 
cent  (25  atomic  per  cent)  palladium. 


Platinum.  A  study  by  Raub(1^9)  Gf  platinum  alloys  containing  2.5  to  70  weight 
per  cent  (5  to  82.6  atomic  per  cent)  molybdenum  disclosed  the  existence  of  three 
phases. 

At  temperatures  above  1000  C,  the  solid  solubility  of  molybdenum  in  platinum  is 
about  26.  3  weight  per  cent  (42  atomic  per  cent)  molybdenum.  Alleys  containing  above 
14  weight  per  cent  molybdenum  undergo  a  transformation  from  a  face-centered -cubic 
to  a  face-centered-tetragonal  structure,  a',  with  a  =  3.  895  ±  0.  004  A,  c/a  =  1. 005  to 
1. 009  independent  of  molybdenum  content. 

In  the  range  29.7  to  55.  8  weight  per  cent  molybdenum  there  exists  a  hexagonal 
phase  with  a  =  2.  786  A,  c/a  =  1.611  at  the  platinum-rich  side  of  the  composition  range. 

It  is  interesting  to  note  that  unlike  the  iridium-molybdenum  system,  the 
platinum- molybdenum  system  does  not  appear  to  have  an  intermediate  /3-W-type 
structure . 


Rhodium.  Raub(l^)  found  that  only  one  intermediate  phase,  e,  hexagonal  close 
packed,  14.3  to  50.  8  w'eight  per  cent  molybdenum  at  1400  C,  exists  in  the  rhodium- 
molybdenum  system  between  2.  5  to  70  weight  per  cent  molybdenum.  The  lattice 
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cunotanto  o!  thi«  phase  are  »  «  A  717  A,  r/a  e  1 .  o03  at  the  rhodium- rich  nldc,  ami 
a  »  *.755  A,  c/a  »  1.605  at  the  molybdenum- rich  aide  of  the  region. 

The  solubility  limit  of  molybdenum  in  rhodium  wan  alao  determined  an  6.  6  weight 
per  cent  molybdenum  at  1  100  C. 

Stur.ica  of  rhodium-molybdenum  alloya^^®^  agree  with  the  above  results  with  the 
exception  that  the  homogeneity  range  of  the  c-phaae  i»  smaller  at  1200  C  than  u»  re¬ 
ported  at  1  300  C  by  Raub. 


Ruthenium.  Only  one  intermediate  phase,  Mo^Ru^  (61.  13  weight  per  cent 
molybdenum),  has  been  found  in  the  ruthenium -molybdenum  system  m  the  range  10  to 
70  weight  per  cent  molybdenum  between  800  to  1600  C.(l0<?)  This  is  presumably 
identical  with  a  O-type  phase  found  at  43.  5  weight  per  cent  (60  atomic  per  cent)  molyb¬ 
denum,  with  lattice  Constanta  a  =  9.54  A ,  c  =  4.95  A .  H  1 8) 

Raub  also  reports  that  the  solid  solubility  of  ruthenium  in  molybdenum  is  siruiil 
at  1200  C  but  appears  to  increase  at  higher  temperatures,  and  that  molybdenum  in 
ruthenium  is  about  33.  8  weight  per  cent  molybdenum  between  800  and  1600  C. 

Jasonis  and  Cline(  170)  report  that  ruthenium  and  molybdenum  form  a  low-melting 
eutectic  at  about  1900  C.  The  occurrence  of  this  eutectic  is  especially  valuable  in  that 
a  mixture  of  ruthenium  and  molybdenum  powder  forms  an  excellent  high-temperature 
brazing  alloy. 


Nitrogen 

Sieverts  and  Krumbhaar(l  7  1 )  report  that  nitrogen  is  insoluble  in  palladium  up  Lu 
1400  C. 


Sodium 


Platinum  is  attacked  by  sodium  vapor  and  by  molten  sodium  above  450  C. 


(172, 173) 


Niobium 


Iridium.  Geller,  et  al.  ,(^74) 
with  a  =  5.  131  ±  0.  001  A. 


report  the  existence  of  Nb^Ir  of  the  /3-W  (A15)-type 


Osmium.  An  intermediate  phase  Nb^Os  of  the  /3-W  (A15}-type  structure  with 
a  =  5.  1 21  ±  0.  002  A  has  also  been  identified .(174) 


Palladium.  An  examination  of  seven  r  lloys  ranging  in  composition  from  45  to 
65  weight  per  cent  (48  to  68  atomic  per  cent)  niobium  disclosed  only  one  intermediate 


BA7TELLE 


MEMORIAL 


INSTITUTE 


79 


ph4a«  which  rxlato  lover  a  narrow  range  of  composition#  around  57  weight  per  cent 
(60  atomic  per  ccntj)  niobium.  U  18)  Thin  le  a  tetragonal  o-type  phase  with  a  *»  9.  89  A 
and  c  •  5.11  A. 


Platinum  Gilccnflcld  and  Deckt  *  *®),  from  a  study  of  seven  alloys  ranging  irom 
26.6  to  59  weight  p«r  cent  (43  to  75  atomic  jer  cent)  niobium  annealed  at  1000  C,  report 
the  existence  of  two  intermediate  phases.  One,  NbjPt,  58.81  weight  per  cent  niobium, 
in  of  the  £- W  (A15)-typo  with  a  =  5.11  A.  The  parameter  of  NbjPt  ia  reported  to  be 
a  =  5.  153  t  0.  003  A. (174) 

The  other  phase  ia  a  tetragonal  O-phaae,  existing  at  about  44.5  weight  per  tail 
(62.  5  atomic  per  cent)  niobium,  with  a  =  9.  89  A  and  c  =  5.  1  1  A. 


Rhodium.  Alloys  of  rhodium  and  niobium  containing  50.8  to  74.9  weight  per  cent 
(52  to  76  atomic  per  cent)  niobium  annealed  at  1000  C  showed  the  existence  of  two  in¬ 
termediate  phases. (118) 

At  about  58.  1  weight  per  cent  (60  atomic  per  cent)  niobium  a  tetragonal  o -phase 
with  a  =  9.  774  A  and  c  =  5.  054  A  was  found  to  exist  over  a  small  range. 

A  ;--W  (A15)-type  structure,  NbjRh  (73.03  weight  per  cent  niobium),  with 
a  =  5 .  1  1  5  A  also  was  found.  (118) 


Ruthenium.  A  study  of  six  ruthenium -niobium  alloys  containing  between  21  and 
67  weight  per  cent  (22  and  68  atomic  per  cent)  niobium  anne?led  at  1200  C  revealed 
several  intermediate  phases,  none  of  which  were  co:  clusivel/  identified.  ( 87)  One 
phase  existing  at  50  and  51  weight  per  cent  (51  and  52  atomic  per  cent)  niobium  was 
assigned  a  tetragonal  lattice  with  a  =  3.  00  A  and  c  =  3.  38  A. 

It  was  also  determined  that  the  solubility  limit  of  niobium  in  solid  ruthenium  is 
less  than  21  weight  per  cent  (22  atomic  per  cent)  niobium,  and  that  of  ruthenium  in 
niobium  is  at  least  30.  5  weight  per  cent  (32  atomic  per  cent)  ruthenium. 


Nickel 


Osmium.  Koster  and  Horn(175)  conclude  on  the  basis  of  X-ray,  microscopic, 
hardness,  and  magnetic  measurements  on  11  osmium-nickel  alloys  annealed  at  1200  C 
that  only  two  phases,  the  terminal  solid  solutions,  exist  in  the  osmium-nickel  system. 
The  solid  solubility  of  osmium  in  nickel  is  about  15  weight  per  cent  osmium,  and  that 
of  nickel  in  osmium  is  about  16  weight:  per  cent  nickel. 


Palladium.  The  work  of  several  investigators(  176,  177,  178)  ghows  that  nickel 
and  palladium  form  a  continuous  series  of  solid  solutions  with  a  minimum  in  the 
liquidus  curve  at  40  weight  per  cent  nickel  and  1237  C.(^76) 
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Ma  r !  .‘in  ■  l  ^  l  ha»  nhowri  that  the  Curio  Iohijm*  u'.ui  c  of  nlckc  1  'palladium  alloys  tic 
croason  smoothly  from  356  C  tor  pure  nickel  to  0  C  at  about  88  weight  per  cent 
pa  lladium. 


Flat  mu  m .  Scvc.  <1  mvcatigr.ttoni*  have  shown  that  platinum  and  nickel  form  a 
continuous  series  of  so  lid  aolut  Iona  .  (  1^/,  179,  180) 

1  wo  order -tlisordc.'  transformations  have  been  observed  at  relatively  low  tem¬ 
peratures  (99)  A  transformation  to  NiPt  baa  been  reportcd(  1  77)  \enh  a  maximum  in  the 
transformation  curve  .it  645  C  and  23.4  weight  per  rent  (80  atomic  per  rent)  nickel  and 
a  homogeneity  range  of  20.5  to  31.7  weight  per  cent  (45  to  60  atomic  per  ecu!)  nickel  at 
■‘00  C.  NiPt  has  a  tetragonal  CuAu  (LlgJ-typc  structure,  with  a  =  3.823  A  a’:d 
c  ”  3.589  A  at  2  3.  4  weight  per  cent  (50  atomic  per  cent)  nickel.  (  177) 

1  he  other  ordering  reaction  takes  place  around  the  composition  Ni  ^Pt  (47.42 
weigh"  per  cent  nickel).  The  ordered  phase,  a  Cu^Au-type  structure,  has  been  ob¬ 
served  in  alloys  containing  41  to  54.  1  weight  per  cent  (69  to  79  atomic  per  cent) 
nicke  1 ,  (  1^0)  Or iam  and  Jones^  181)  found  the  disorde r ing  tempe ratu re  of  a  48.  2  weight 
per  cent  (74.93  atomic  per  cent)  nickel  alloy  is  580  ±  5  C. 


Osmium 


Palladium.  A  constitution  diagram  of  the  osmium-palladium  system  has  not  yet 
been  determined;  since  the  metals  are  of  different  crystal  structure,  a  continuous 
scries  of  solid  solutions  would  not  be  expected.  The  fact  that  the  atomic  radii  of  the 
metals  differ  by  less  than  1  per  cent  would  indicate  extensive  solid  solubility  of  the 
metals  in  each  other. 


Platinum.  The  osmium -platinum  system,  like  the  osmium-iridium  system, 
shows  the  existence  of  a  miscibility  gap  between  the  terminal  solid  solutions. 

The  limit  of  solid  solubility,  as  determined  by  metallogr aphic  techniques,  is  less 
than  11  weight  per  cent  platinum  in  osmium  and  slightly  less  than  25  weight  per  cent 
osmium  in  platinum.  ( 188)  The  existence  of  a  miscibility  gap  would  indicate  that  there 
should  be  aging  response  in  platinum-osmium  alloys. 


Phosphorus 


Reinacher(  87)  }iag  observed  lcw-melting  eutectics  in  alloys  of  the  platinum  metals, 
except  osmium,  with  phosphorus.  The  observed  eutectic  temperatures  are  as  follows: 
iridium,  1262  C;  palladium,  788  C;  platinum,  588  C;  rhodium,  1254  C;  and  ruthe¬ 
nium,  1425  C . 
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Indium.  Two  iridium  pho«phidm ,  IrP  (7.41  weig*  t  ^or  cent  phonphnrus)  ami 
IrP>  (24.29  weight  j»cr  ce  i  phonphoru#) ,  have  been  identified  by  vapor -prcanure  and 
X-ray  analyst* . '  * ® 9)  lrP£  i*  utablc  up  to  about  1230  C.  I r l:‘ ^  appearo  to  form  a 
eutectic  with  iridium  at  about  1  300  C  containing  between  3.86  and  S.87  weight  per  cent 
phoaphoru* . 


Osmium.  X-ray  analysis  indicates  that  osmium  forms  only  one  phosphide,  OnP^ 
(24.57  weight  per  cent  phosphorus)  of  undetermined  atructu.  c  .  ( *  90) 


Palladium .  Four  intermediate  phases  have  been  identified  in  the  palladium 
phosphorus  system  as  tabulated  below.  ( 191) 

j.i  (Pd5p)  -  5.49  weight  per  cent  phosphorus 

7  (Pd}P)  -  8.  82  weight  per  cent  phosphorus 

PdgP2  -  10.40  weight  per  cent  phosphorus 


*Jd _ • 

Jedele^  *92)  reports  that  the  solubility  of  phosphorus  in  palladium  is  only  about 
0.  01  weight  per  cent  phosphorus.  In  addition,  he  noted  that  small  additions  of  phos¬ 
phorus  to  palladium  resulted  in  embrittlement  due  to  the  formation  of  a  low-melting 
eutectic  at  the  grain  boundaries. 


Platinum.  Two  intermediate  phases,  Pt^gPy  (5.  26  weight  per  cent  phosphorus) 
and  PtP ^  (24.09  weight  per  cent  phosphorus),  and  a  miscibility  gap  above  683  C  extend¬ 
ing  from  5.3  to  14.7  weight  per  cent  phosphorus  have  been  identified.  ( 193)  The  melting 
point  of  PtP2  is  reportedly  above  1500  C. 

Jedelet  192)  r  eports  that  the  solubility  of  phosphorus  in  platinum  is  0.005  weight 
per  cent  phosphorus  and,  as  with  palladium^  embrittlement  of  platinum  by  small 
amounts  of  phosphorus  is  due  to  the  formation  of  a  low-melting  eutectic  (588  C)  at  the 
grain  boundaries. 


Rhodium.  Four  intermediate  phases,  shown  in  the  incomplete  phase  diagram, 
Figure  27,  have  been  identified  in  the  rhodium-phosphorus  system.  (194)  These  are: 
Rl^P  (~15  weight  per  cent  phosphorus),  RhgP^  ?  )  (19.  40  weight  per  cent  phosphorus), 
RhP2  (37.58  weight  per  cent  phosphorus),  and  RI1P3  (47.45  weight  per  cent  phosphorus). 


Ruthenium.  Three  intermediate  phases,  Ru2P(?)  (13.  22  weight  per  rent  phos¬ 
phorus),  RuP  (23.35  weight  per  cent  phosphorus),  and  RuP2  (37.85  weight  per  cent 
phosphorus),  have  been  identified.  There  appears  to  be  no  extended  homogeneity  range 

for  any  of  the  compounds .(  ^9 5) 
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A  —  32005 


figurl:  a.  partial  constitution  diagram  of  the  rhodium 

PHOSPHORUS  SYSTEM*194) 


LCAti 
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Iridium  Pfisterer  And  Schubert^  report  the  existence  of  a  peritectlcally 
formed  intermediAte  phase,  probably  IrPb  (51.76  weight  per  cent  lead),  with  the 
NiAs  (B8)-type  structure;  a  =  3.89  3  A,  c  *  5.566  A. 


Palladium.  The  following  intermediate  phases  in  the  palladium- lead  system  have 
been  identified: 

PdjPb  -  40  weight  per  cent  lead;  cubic  CujAu-typc  structure,  with 
a  =  4. 021  A 

Pd}Pb2  -  56.  42  weight  per  cent  lead;  homogeneity  range  from  54.8  to 
56.  9  weight  per  cent  (38.  5  to  41  atomic  per  cent)  lead;  NiAs 
(B8)-typc  structure,  with  a  =  4.46£  A  and  c  =  5.704  A  at  the 
palladium-rich  side  of  the  range(19°) 

PdPb  -  ~66  weight  per  cent  lead;  member  of  monoclimc  translation 
group,  with  a  =  7.  09  A,  b  =  8.  44  A,  c  =  5.  57  A,  and 
>3  =  71  degU96) 

PdPb2  -  “80  weight  per  cent  lead;  tetragonal  CuAl^  (Cl6)-type  struc¬ 
ture,  with  a  =  6.  849  ±  0.  005  A  and  c  =  5.  833  ±  0.  005  A.  (99) 

The  solubility  of  lead  in  palladium  is  about  24  weight  per  cent  lead.  (197) 


Platinum.  Three  intermediate  phases  in  the  platinum-lead  system  have  been  re¬ 
ported  and  substantiated.  These  are  tabulated  below: 

Pt3Pb  -  26.  14  weight  per  cent  lead;  cubic  CU3AU  (LlQ)-type  structure, 
a  =  4.  053  a(!96) 

PtPb  -  51.49  weight  per  cent  lead;  hexagonal  NiAs  (B8)-type  structure, 
with  a  =  4.  258  A  and  c  =  5.467  A(196) 

PtPb^  -  80.94  weight  per  cent  lead;  tetragonal  unit  cell  with  10  atoms; 
a  =  6.  666  ±  0.  001  A  and  c  =  5.  978  ±  0.  001  A.  (198) 


Rhodium.  Two  compounds  Rl^PbUOZ)  (50.  17  weight  per  cent  lead)  and  RhPb^ 
(80.  11  weight  per  cent  lead)(99)  have  been  identified.  RhJPb£  is  of  the  tetragonal  CuAl^ 
(C16)  type  with  a  =  6.  664  ±  0.  003  A  and  c  =  5.  865  ±  0.  003  A. 
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Platinum.  In  #j»ilc  of  the?  widespread  use  at  platinum -palladium  allays,  this 
jyotern  had  noi  yet  been  :!;uruu|{!il>  investigated.  Thermal  and  electrical  measurc- 
ment«iOS,<*,  200)  Indicate  that  ’he  two  metal*  form  a  continuoua  aeries  of  solid  solutions 
at  elevated  temperatures. 

At  lower  temperatures,  between  700  to  1400  C,  there  in  nomc  evidence  from 
hardness  measurements  of  a  !  r  anaformatlon  In  the  ranges  16  to  54  and  7  3  to  94  weight 
per  cent  (10  to  40  and  60  to  90  atomic  per  cent)  platinum .(  ~0 O 

Mechanical  -  pro  pc  rty  data  by  Cartcr^^,  and  Carter  and  Staus  s(  -Oi)  ^  nhow  that 
maxima  in  hardness  and  tensile  strength  occur  at  about  40  weight  per  cent  paliadium. 


Rhodium.  Tamrnann  and  Rocha^®^  report  that  palladium  and  rhodium  form  a 
continuous  senes  of  solid  solutions  with  the  liquidus  curve  rising  continuously  from 
the  melting  point  of  palladium  to  that  of  rhodium. 

Although  no  solid-state  transformations  were  indicated,  they  report  that  a 
15  weight  per  cent  rhodium  alloy  age  hardens  slightly,  78  to  110  Bhn,  on  aging  at 
550  C.  They  also  report  that  the  maximum  hardness  is  about  145  Bhn  at  60  weight  per 
cent  rhodium. 


Ruthenium.  Hellawell  and  Humc-Rothery(203)  have  reported  lattice  parameters 
of  ruthenium- rich  solid  solutions  containing  up  to  2.  74  weight  per  cent  palladium. 

No  systematic  investigation  has  been  made  of  this  system;  however,  because  of 
different  crystal  structures,  the  metals  cannot  form  a  continuous  series  of  solid 
solutions . 


Platinum 


Rhodium.  A  constitution  diagram  of  the  rhodium-platinum  system  at  elevated 
temperatures  is  presented  in  Figure  28.0^8,204) 

On  tli e  basis  of  X-ray(^^>  electrical  resistivityO04,  206) }  and  hardness 

measurernents( 204,  206) ?  it  is  concluded  that  platinum  and  rhodium  form  a  continuous 
series  of  solid  solutions. 

Platinum- rhodium  alloys  form  one  of  the  most  important  thermocouple  elements 
for  accurate  temperature  measurement,  the  platinum- 10  and  -13  rhodium  alloys  being 
used  most  commonly  for  this  purpose. 

The  effect  of  rhodium  on  the  thermal  emf  of  platinum -rhodium  versus  platinum 
is  well  known  and  will  not  be  presented  here.  Thermal  emf  versus  composition  curves 
up  to  1200  C  for  the  whole  range  of  platinum-rhodium  alloys  from  0  to  100  per  cent 
rhodium  are  given  by  Reference  (7). 
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Kuincnlum  Micrantructural,  flectriial -re  #!»tancc  ,(^07)  4ntj  X-rayl*1'8)  pxaml- 
,-uitun  Ji c 4 1 c  that  tho  solubility  of  rulhrntuin  in  platinum  exceeds  66.  2  weight  per  cent 
rv:  the  Mum. 


Plutonium 


Osmium.  Konobccvwky ^^9)  rcj>ortfl  the  solubility  of  osmium  in  the  three  a  lo- 
irojut  forms  of  plutonium  to  be  very  rilight,  lenri  than  0.2*1  weight  per  cent  osmium, 
four  intermediate  phunco  have  been  identified.  The  compositiona  of  three  of  theae 
phaacn  correspond  to  the  ideal  compoaitiona  PuOa^  (28.6  weight  per  cent  plutonium), 
hexagonal  of  the  MgZn2  (CM)  type  with  a  =  5.  3)7  A  and  c  *  8.682  A.  Pu^Oa^,  and 
P115O  a . 

The  fourth  phase,  'j,  is  richest  in  plutonium  and  occurs  in  the  range  of  about  2. -I 
to  5.  6  weight  per  cent  (  3  to  7  atomic  per  cent)  osmium. 


Rhenium 


Iridium.  Haas  and  Schneide r(  ^  report  the  solid  solubility  of  rhenium  in  iridium 

to  be  at  least  5  weight  per  cent  at  room  temperature. 


Osmium.  Winkler^*®®)  reports,  based  on  a  study  of  alloys  of  25,  50,  and  75 
weight  per  cent  rhenium,  and  the  similarity  of  the  lattice  parameters  of  the  pure  metals, 
that  osmium  and  rhenium  form  a  continuous  series  of  solid  solutions. 


Palladium.  The  solid  solubility  of  rhenium  in  palladium  is  at  least  7.  4  weight 
per  cent  rhenium.  (211) 


Platinum.  An  investigation  of  the  platinum- rhenium  system  disclosed  no  inter¬ 
mediate  phases,  the  system  being  composed  of  the  two  terminal  solid  solutions.  The 
solubility  of  rhenium  in  platinum  is  about  38  to  40  weight  per  cent  rhenium  and  that  of 
platinum  in  rhenium  40  to  42  weight  per  cent  platinum  up  to  2000  C.^12) 


Rhodium.  Goedecke^  ^1  3)  has  reported  that  alloys  containing  up  to  10  weight  per 
cent  rhenium  are  solid  solutions. 


Rhodium 


Ruthenium.  Hellawell  and  Hume  -Rothery(  203)  have  determined  the  lattice  con¬ 
stants  of  ruthenium -rich  solid  solutions  containing  up  to  5.  3  weight  per  cent  rhodium. 
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Sincr  ihf*  mrlaU  art  of  different  crystal  »lrucluro,  tt  *.«  impossible  for  them  to 
form  &  continuous  series  of  solid  solutions. 


Sulfur 


Iridium.  The  existence  of  the  following  iridium  sulfides  has  been  shown  by  X-ray 
and  vapor-pressure  measurement j  between  380  and  1073  C:U!4) 

Ir^Sj  -  19.94  weight  per  cent  sulfur 
IrS2  -  24.93  weight  per  cent  sulfur 
-  30.69  weight  per  cent  sulfur. 

Osmium.  Juza^l^),  on  the  basis  of  X-ray  and  vapor-pressure  studies,  found 
that  only  one  sulfide  OsS2  (25.  22  weight  per  cent  sulfur)  exists.  This  compound  is 
isotypic  with  pyrite  (C2  type)  with  a  =  5.  65  A(2l6)  (a  =  5.  619  A(217)] 


Palladium.  Investigations  of  the  palladium -sulfur  system  have  disclosed  the  ex¬ 
istence  of  the  following  palladium  sulfide  s  ;(  2 17 ,  2  1 8) 

Pd4S  -  6.99  weight  per  cent  sulfur,  stable  at  25  C 

PdS  -  23.  10  weight  per  cent  sulfur,  stable  at  25  C 

PdS2  -  37.  54  weight  per  cent  sulfur,  stable  at  25  C 

/3  -  between  10  and  11  weight  per  cent  sulfur,  stable  between  555 
and  635  C. 


Platinum.  Two  sulfides,  PtS  (14.  1  weight  per  cent  sulfur)  and  PtS;?  (24.73  weight 
per  cent  sulfur)(  219),  and  a  terminal  solid  solubility  of  0.  23  weight  per  cent  sulfur  in 
platinum^  ^)  have  been  reported. 

PtS  is  tetragonal  with  a  =  4.  93  A  and  c  =  6.  13  A(220),  while  PtS2  is  isotypic  with 
Cdl2  (C6)-type  structure,  with  a  =  3.  54  A  and  c  =  5.  02  A.  (221) 


Rhodium.  The  existence  of  the  following  rhodium  sulfides  has  been  established; 
RhgSg,  Rh3S4,  Rh2S3,  and  Rh2S5.  < 22Z) 

Ruthenium.  Investigations  of  the  ruthenium-sulfur  system  indicate  that  only  one 
ruthenium  sulfide,  RuS2  (38.68  weight  per  cent  sulfur)  is  formed.  (22^) 
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Palladium.  Thr  following  tabulation  of  cha  rnctor  ini  ic  tomjjcraturon  and  compost 
ilonti  has  boon  compiled  by  Hansen  from  data  from  two  #ource#l^^»^^. 


Equillbr  ium 


Melting  Point  of  Palladium 
L  ^  (Pd)  ♦ 


Melting  Point  of  Pd^Sb 
1  ransformation 
L  ♦  ;3  y 
L«-‘  y  +  PdSb 


Melting  Point  of  PdSb 
7  ?=*  (i  +  PdSb 
L  f  PdSbr=*  PdSb2 
L  5=^  PdSb  t  Sb 


Refo re nc o  (J 24J _ 

1541  C 

1 070  C  ,  23.5  weight 
per  cent  antimony 

1  220  C 
950  C 
839  C 

73  3  C ,  45  weight 
per  cent  antimony 

805  C 
530  C 
677  C 

587  C  ,  90  weight 
per  cent  antimony 


The  structures  of  the  various  phases  are  as  follows: 


Reference  (2 25J 
1549  C 

1 069  C ,  23  weight 
per  cent  antimony 

1  185  C 
955  C 
850  C 

731  C ,  45.5  weight 
per  cent  antimony 

800  C 
550  C 
680  C 

593  C,  80.4  weight 
per  cent  antimony 


/(PdcSbo)  -  filled  NiAs  (B 8) -type  structure ;  a  =  4.45  A,  c/a  =  1  31  at 
660  C(*26) 

PdSb  -  isotypic  with  NiAs  (B8)  type ;  a  =  4.  078  A,  c  =  5.  593  a!22^) 
PdSb  i  -  isotypic  with  pyrite  (C  2)  type ,  a  =  6.  452  A.  !^ 27) 


Platinum.  Several  investigators  agree  on  the  existence  of  three  intermediate 
phases  in  the  platinum-antimony  system.  These  are: 

Pt^Sb  -  13.49  weight  per  cent  antimony! 228) 

PtSb  -  38.41  weight  per  cent  antimony,  NiAs  (B8)  type;  a  =  4,  13  A, 
c  =  5.  48  A(229) 

PtSb^  -  55.50  weight  per  cent  antimony,  isotypic  with  pyrite  (C2  type), 
a  =  6.  44  A.  !2^°> 

In  addition  there  is  a  low-melting  eutectic  at  about  24  weight  per  cent  antimony 
and  633  c!228)  or  690  c!231). 


Rhodium.  Pfisterer  and  Schubert!  101)  report  the  existence  of  RhSb  (54.  20  weight 
per  cent  antimony),  isotypic  with  MnP  (B31)  type;  a  =  6.  333  A,  b  =  5.  952  A,  and 
c  =  3.876  A. 
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Selenium 


Iridium.  The  following  nclemdos,  prepared  by  reactions  of  Se  with  IrClj,  have 
been  reported:  i^Se  (38.  02  weight  per  cent  selenium);  IrSe?  (44.99  weight  per  cent 
selenium);  an  IiScj  (55.09  weight  per  cent  selenium).  (232,  233,  234) 


Oflml'im.  lhomft«acn^^)  reports  that  the  compound  OsSc2  (45.  36  weight  per 
cent  selenium)  is  isotypic  with  pyritc  (C2  type),  with  a  =  5.945  A 


Palladium.  The  following  palladium  uclcnidcs  have  been  reported: 

Pd^Sc  -  15.61  weight  per  cent  selenium 

PdSc  -  42.53  weight  per  cent  selenium;  tetragonal,  B34-typc  structure; 
a  =  6.73  A,  c  =  6.  31  A053) 

PdS«2  -  59.  68  weight  per  cent  selenium;  orthorhombic,  deformed  pyrite- 
type  structure ;  a  =  5.72A,  b  =  5.80A,  and  c  =  7.67  A.  ( * 


Platinum.  Two  platinum  selenideo,  PtSe(^8)  (28.80  weight  per  cent  selenium) 
and  PtSe2  (44.72  weight  per  cent  selenium) , (230)  have  been  reported,  although  the  ex¬ 
istence  of  the  former  has  not  been  definitely  established.  PtSc2  ie  isotypic  with  Cdl2 
(C6  type),  with  a  =  3.  73  A  and  c  =  5.  07  A.  H  32) 


Rhodium.  Biltz,  et  al.  ,(234)  has  plepared  Rh^Seg  by  reaction  of  the  trichloride 
with  selenium,  and  attempted  unsuccessfully  to  form  lower  selenides  by  thermal  dis¬ 
sociation  of  Rh^Seg. 

Geller  and  Cetlin(235)  rep0rt  the  existence  of  t.he  phase  RhSe2  with  a  cubic 
pyrite  (C2)-type  structure  and  a  homogeneity  range  from  56.  8  to  at  least  65. 8  weight 
per  cent  (64-71.4  atomic  per  cent)  selenium. 


Ruthenium.  Thomaesen(  230)  reports  the  structure  of  RuSe2  (60.83  weight  per 
cent  selenium)  is  isotypic  with  pyrite  (C2  type);  a  =  5.  933  A. 


Silicon 


Iridium.  Buddery  and  Welch(^4)  report  the  existence  of  the  following  iridium 
silicides : 

lr-,Si2  -  8.  84  weight  per  cent  silicon 
IrSi  —  12.70  weight  per  cent  silicon 
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Ir  ,5i  .  -  17. 9!  weight  j<cr  ecu!  »uuon 
IrSij  -  30.  38  w«; ignt  per  cent  silicon. 

Another  silicule,  richer  in  :~i<Uum  Shan  lr^.Si>,  w.m  rc{>ortccl  hut  not  identified 
1‘hia  silicule  is  hexagonal  with  .1  =  3.  9 0  A  and  c  =  5.  1  3  A.  Ktimclicrl^)  rr;*ortt*  the 
existence  nf  ail  1  r  idium  -  s  1  he  on  eutectic,  melting  at  1-170  C. 


Osmium.  '1  wo  silicidea,  Os^Sij  (  1 H .  1-1  weight  per  cent  silicon),  tetragonal  with 
a  =  5.  58  A  and  c  -  5.  !2  A.  and  OsSu  (2d.  80  weight  pur  cent  silicon),  have  been  re¬ 
vealed  in  an  X-ray  study  of  the  whole  range  of  compos  ition  s .( 84) 


F.'illadiuin.  Two  palladium  silicidea,  Pd2Si  (11.63  weight  per  cent  silicon)  and 
PdSi  (20.84  weight  pe  r  cent  silicon)  have  been  identified,  PdjSi  is  isotypic  with  Ke  >P 
(C22  type) ,  a  =  6.  49  A  and  c  =  3.4  3  Aj®'^>  and  PdSi  is  isotypic  with  M11P  (13  31  t\pe), 

a  =  6.  133  A,  b  =  5.  599  A,  and  c  =  3.  381  A.  ( 1  37) 

In  adilition,  three  low-melting  eutectics  have  been  reported  in  the  palladium- 
silicon  system;^  the  most  important  from  the  standpoint  of  embrittlement  of 

palladium  is  one  at  about  4.  5  weight  per  cent  (  15.  5  atomic  per  cent)  silicon  and  800  C. 


Platinum .  Voronow(^4)  rep0rts  the  solid  solubility  of  silicon  in  platinum,  after 
annealing  at  800  C,  at  about  0.  2  weight  per  cent  silicon.  At  the  eutectic  t°mpe rature , 
830  C,  the  solubility  should  be  somewhat  higher. 

In  addition,  thi  ec  platinum  siiicidej  hove  been  identiPed:(  264) 

PtsSi^  —  5.44  weight  per  cent  silicon 

Pt^Si  —  6.  71  weight  per  cent  silicon;  tetragonal,  a  =  2.  77  A  and 
c  =  2.  95  A(«4) 

PtSi  -  12.58  we  ignt  per  cent  silicon;  orfhorhombic  of  the  MnP  (B31) 
type;  a  =  5.93  A,  b  -  5.59  A,  and  c  -  3.  60  A.  ^  ^7) 


Rhodium.  Buddery  and  Welch(84)  report  the  existence  of  Rl^Si;?,  RhSi,  Rh^SR 
(or  RhSi^),  and  an  unidentified  compound  lower  in  silicon  than  Rh-jSi?. 

Reinacher(B7)  has  observed  melting  of  the  eutectic  grain-boundary  network  in  a 
1.  5  weight  per  cent  silicon  alloy  at  1389  C.  He  reports  the  solid  solubility  of  silicon  in 
rhodium  to  be  less  than  0.5  weight  per  cent  silicon. 


Ruthenium.  Reinacher^  ^ )  reports  that  the  solid  solubility  of  silicon  in  ruthenium 
is  less  than  0.5  weight  per  cent  silicon.  Also,  in  a  3  weight  per  cent  silicon  alloy, 
melting  of  a  eutectic  grain-boundary  network  is  observed  at  about  1488  C. 
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Budtlcry  ami  Welch!®*)  have  Identified  the  following  ruthenium  otllcideo  by  X-ray 
diffraction  technique*: 

KujSi,  -  15.  55  weight  jtcr  cent  silicon 

RuSi  -  laotypic  with  C.nCl  (IJ 2  type),  a  =  2.90  A 

Ru^Slj  -  29.  27  weight  per  cent  silicon,  tetragonal,  a  =  5.  53  A  and 

c  =  4.47  this  is  possibly  identical  with  RuSi^  (35.58  weight 

per  cent  silicon),  reported  to  have  a  tetragonal  structure  of  un¬ 
known  type .  ( 140) 


T  in 


Iridium.  Nial^^^^  has  id  entifiod  the  phases  IrSn2  (55.  15  weight  per  cent  tin)  and 
Ir  ( 58.  92  weight  per  cent  tin)  by  X-ray  analyses .  IrSn2  is  isotypic  with  Ca F ^ 

(C  1  type),  a  =  6.  338  A,  and  Ir^Sn^  is  cubic  with  40  atoms  per  unit  cell  and  a  =  9.  360  A. 

A  phase,  possibly  corresponding  to  the  composition  IrSn  (  38.  07  weight  per  cent 
tin),  isotypic  with  NiAs  (B8  type),  a  =  3.  988  A  and  c  =  5.  567  A,  has  been  observed.  (  196) 
These  investigators  also  report  that  tin  is  soluble  in  iridium,  but  the  solubility  limit  is 
not  known. 


Osmium  Osmium  and  tin  form  no  intermediate  phase  and  are  reportedly  com¬ 
pletely  insoluble  in  each  other.  (237) 


Palladium.  The  following  intermediate  phases  of  the  palladium-tin  system  have 
been  positively  identified  by  X-ray  analysis  :( 196) 

Pd2Sn  -  35.74  weight  per  cent  tin;  orthorhombic,  Co2Si  (C37)-tvpe  struc- 
tur  e ;  a  =  8 .  1 2  A ,  b  =  5.65A,  andc  =  4.31  A 

Pd^Sn2  -  42.  58  weight  per  cent  tin;  partially  filled  NiAs  (B8)-type  struc¬ 
ture;  a  =  4.  399  A  and  c  =  5.  666  A(84)  [for  43.  8  weight  per  cent 
(40  atomic  per  cent)  tin  alloy] ;  homogeneity  range  40.  2  to  45.  5 
weight  per  cent  (36  to  41.5  atomic  per  cent)  tin  at  480  CU39) 

PdSn  -  52.  90  weight  per  cent  tin;  orthorhombic  MnP  (B31)  type; 
a  =  3.  87  A,  b  =  6.  13  A,  and  c  =  6. 3  2  aU53) 

PdSn2  -  69.01  weight  per  cent  tin;  mono  clinically  deformed  B31-type 
structure;  a  =  3.93  A,  b  =  6.18A,  c  =  6.38A,  and  /3  =  88. 5 
deg!  23  8) 

PdSn^  -  81.  65  weight  per  cent  tin;  orthorhombic  with  20  atoms  per  unit 
c ell ;  a  =  6.40  A,  b  =  6.43  A,  and  c  =  11.44  A .  (239) 

The  solid  solubility  of  tin  in  palladium  was  determined!  196)  as  28  weight  per  cent 

tin, 
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Platinum  Five  intermediate  plume*  )wtve  been  identified  by  X-ray  analy #i#  of 
platinum*  It:;  alloy  « .  These  Are: 

lJt  jSn  -  16.85  weight  per  cent  tin.  isotypic  with  CujAl;  a  -  4.  01 

P'Sn  -  37.81  weight  per  cent  tin.  NtAi*  <B8)*typo  structure.  »  =  '1.111  A 
.ind  c  =  5.  •}  39  A(24 

Pt>Snj  -  '17.70  weight  per  cent  tin.  hexagonal,  of  a  new  type  with  10  atoms 
per  unit  cell,  a  =  -l .  1  3  *4  A  and  c  =  12.  960  A  ( 240) 

PtSn  ,  -  5-1.87  weight  per  cent  '.in,  isotypic  with  CaF^  (Cl  type), 
a  -  6.  4  25  a(237) 

PtSna  -  70.8b  weight  ocr  cent  tin,  o rthorhuir.bir  .  with  20  atoms  per  unit 
cell,  a  =  6.  388  A,  b  =  6.419  A,  and  c  -  1  1 .  35  7  A .  ( 2  39) 

The  solid  solubility  of  tin  and  platinum  has  not  been  determined;  however,  esti¬ 
mates  baaed  on  the  change  in  lattice  parameter  of  platinum  place  it  at  about  5  weight 
per  cent  tin  at  750  to  800  C.  (237, 242) 


Rhodium.  The  compositions  and  structures  of  intermediate  phases  found  in  the 
rhodium-tin  system  are  presented  below: 

Rh^Sn  -  38.  58  weight  per  cent  tin;  orthorhombic  Co^Si-type  structure; 
a  =  8.  21  A,  b  =  5.  52  A,  and  c  =  4.  22  AU53) 

Rh^Sn,  -  43.  47  weight  per  cent  tin;  partially  filled  NiAs  (B8)-type  struc¬ 
ture;  a  =  4.  340  A  and  c  =  5.  553  A  at  rhodium-rich  side  of 
homogeneity  range,  41.1  weight  per  cent  (37.6  atomic  per  cent) 
tin(  196)j  ancj  a  =  4.  338  A,  c  =  5.  544  A  at  the  tin-rich  side  of  the 
homogeneity  range,  44.4  weight  per  cent  (40.5  atomic  per  cent) 
tinU37) 

RhSn  -  5  3.  56  weight  per  cent  tin;  cubic,  of  FeSi  (B20)  type;  a  ~  5.131  A(237) 

RhSn^  -  69.76  weight  per  cent  tin;  two  modifications,  with  transformation 
point  above  500  C;  high-temperature  form  is  tetragonal  of  CuAl^ 
type ,  a  =  6.  4 1  2  A  and  c  =  5.655  A(  19 6) ;  the  low -temperature  form 
is  isotypic  with  CoGe^,  orthorhombic  unit  cell  with  7  rhodium  and 
1  6  tin  atoms  ;a=b  =  6.332A  and  c  =  11.99  A. .  (  1 3  • ) 


Ruthenium.  Nial^^7)  gas  identified  a  cubic  phase  in  alloys  containing  73.6  to 
100  weight  per  cent  (70  to  100  atomic  per  cent)  tin  annealed  at  475  C  or  quenched  from 
650  C.  This  phase  is  probably  of  the  composition  Ru^Sny  (73.  14  weight  per  cent  tin), 
with  a  =  9.  351  A  and  40  atoms  per  unit  cell. 
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Omnium.  Ncviu  *r.ti  Downey^ ••■*  **  fnpor1  the  exietence  of  a  *j-tyj>c  p)ia«c  in  the 
Approximate  composition  range  64  to  74  weight  ;>-c  r  cent  (65  to  75  atomic  per  cent) 
tantalum  at  1200  C.  The  lattice  parameter*  of  a  74  weight  (75  atomic)  per  cent  tanta¬ 
lum  alloy  arc:  a  =  9.9  34  A  and  c  3  5.  189  A. 


Palladium.  Throe  arc -molted  alloys  containing  63.6,  74.0,  and  82  weight  per 
cent  (50,  62,  and  72  atomic  per  cent)  tanta  mil  annealed  at  1000  C  an 2  quenched  showed 
no  evidence  of  ar  '"ter  mediate  phase.  HI  8) 


Platinum .  Greenfield  and  Bcck^^^  report  the  existence  of  a  j- phase  existing 
between  66.  2  and  69.  8  weight  per  cent  (65.  8  and  69.  5  atomic  per  cent)  tantalum  and 
81.6  and  83.8  weight  per  cent  (81.  5  and  83.  5  atomic  per  cent )  tantalum  with  a  =  9.95  A 
and  c  =  5.  16  A,  in  alloys  quenched  from  1000  C. 

In  alloys  containing  57  to  66.  1  weight  per  cent  (57  to  65.8  atomic  per  cent) 
tantalum,  O  was  found  coexisting  with  an  unidentified  intermediate  phase. 


Rhodium.  A  study  of  eight  rhodium- tantalum  alloys  containing  25.9  to  88,5 
weight  per  cent  (16.  4  to  81  atomic  per  cent)  tantalum  quenched  from  1000  C  revealed 
the  existence  of  an  intermediate  tetragonal  o-type  phase  at  about  72.9  weight  per  cent 
(60  atomic  per  cent)  tantalum,  with  a  =  9.  754  A  and  c  =  5.  058  A.  ( 1 18) 


Ruthenium.  Microscopic  and  X-ray  investigations  of  five  ruthenium-tantalum 
alloys  containing  40  to  75.  1  weight  per  cent  (27  to  62  atomic  per  cent)  tantalum 
quenched  from  1  200  C  showed  the  existence  of  two  intermediate  phases.  (11®) 

An  alloy  containing  64.  5  weight  per  cent  (50  atomic  per  cent)  tantalum  appeared 
to  have  a  tetragonal  structure  with  a  =  3. 02  A  and  c  =  3.  37  A.  Alloys  containing  about 
50.5  and  60.  3  weight  per  cent  (36  and  45  atomic  per  cent)  tantalum  showed  the  existence 
of  a  second  intermediate  phase  whose  structure  was  not  identified. 

The  solubility  limit  of  tantalum  in  ruthenium  was  shown  to  be  less  than  40  weight 
per  cent  tantalum  and  that  of  ruthenium  in  tantalum  at  least  26.  2  weight  per  cent 
(38  atomic  per  cent)  ruthenium. 


Tellurium 


Iridium.  The  existence  of  the  compounds  IrTe^  (56.  9  weight  per  cent,  tellurium) 
ana  IrTej  (66.5  weight  per  cent  tellurium)  has  been  reported(  ^34);  however,  as  yet  no 
systematic  investigation  of  the  iridium-tellurium  system  has  been  made. 
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Omnium.  The  compound  OoTc^  (57.  JO  weigh:  per  cent  tellurium),  motypic  with 
,  r:!c  (C.!  type),  .1  «  6  )82  A,  has  )>een  Identified  bv  ThontAitnen  IZIO) 


1  1  la  ilium  Thoiiuimc:i^^)  report#  the  cxlatcncc  of  two  intermediate  pha#c#  in 

the  ;>a  11  rt.Tun'. -tellur ium  lyntern.  Thcac  arc  PdTe  (54.46  weight  o«  -  rent  tellurium), 
.m,t\pii  with  N’lAri  (118  type)  a  =  4.115  A,  .md  r  =  5.674  A.  and  PdTc>  (70  S’  weight  per 
«  «-  fit  tellurium),  C<il4>  (C6)-typc  structure,  a  =  4.  0J6  A,  and  l  =  5.  128  A 


Platinum.  'Hie  structure  of  an  intermediate  phase,  PtTe»  (56.66  weight  per  cent 
tellurium)  was  r  epo  rted(  ^  40)  tlB  isotypic  with  Cdl^  (B6),  with  a  -  4.01  A  and  j  -  5.21  A. 


Rhodium.  X-ray  analysis  of  rhodium -te  Llurium  alloys  revealed  the  existence  of 
the  following  intermediate  phasea.^^B) 

RhTe  -  Hexagonal  NiAs  (D8)-type  structure;  a  =  3.  99  A 

Khl'ci  -  High-temperature  modification  (quenched  from  1200  C),  hexagonal 
Cdl^  (C.6)-type  structure;  a  =  3.92  A  and  c  =  5.41  A 

RhTe^  —  Low-temperature  modification  (prepared  at  900  C),  cubic  pyrite 
(C2)-type  structure;  a  =  6.441  A. 


R uthenium .  ThomaBsenf^^)  has  identified  the  phase  RuTe^  (71.51  weight  per 
lent  tellurium)  a3  being  isotypic  with  pyrite  (C 1  type),  with  a  -  6.  37  A. 


Tho  r  ium 


MgCu^-type  Laves  phases  have  been  observed  in  the  iridium- thorium  and 
osmium-thorium  systems.  The  phases  Thlr^  and  ThOs^were  identified  as  diamond 
cubic  with  a  -  7.6615  and  7.7050  ±  0.0015A,  res  pectively .  ( 279 ) 


Titanium 


Iridium.  Wallbaum(  ^44)  investigated  the  possibility  of  the  occurrence  of  the 
phases  IrLIi  and  Ir^Ti  but  did  not  detect  these  phases. 


Osmium.  Laves  and  Wallbaum(  244)  report  the  existence  of  the  compound  OsTi 
(20.  12  weight  per  cent  titanium)  with  a  C  sCl  (B  2)  -  type  structure ,  a  =  3.  07  A.  ( ^45) 


Palladium.  The  existence  of  the  following  intermediate  phases  in  the  palladium- 
dtanium  system  has  been  reported: 
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IMjTi  -  1  3.  02  weight  per  con!  titanium,  uomorphous  with  TlNtj 
(1)0^  type),  a  n  5.  486  A  ami  c  o  8.796  4(244) 


Pd  j  T  i  > 
PdTs  . 


2  3.03  weight  per  cent  titanium^ -*35) 

-17.  31  weight  per  cent  titanium,  isotypic  with  Ti^N.^4^ 


Platinum.  The  following  intermediate  phases  have  been  identified  in  the 
plat  i  num  -t  it  a  mum  ay  stem : 

I*t  3  T  i  -  7.56  weight  per  cent  titanium;  Cu^Au  (Ll^)-type  structure, 
a  =  3.  898  AU44) 

Pt^Ti^  ~  14.06  weight  per  cent  titamum^4^) 

PtTi£  -  32.92  weight  per  cent  titanium,  isotypic  with  Ti^N^^) 

PtTii  -  42.  40  weight  per  cent  titanium;  p-W  (A15)-type  structure; 
a  =  5. 031  A.  <247) 


Rhodium.  A  study  of  the  possible  occurrence  of  the  phases  Rh^Ti  and  Rl^Ti 
indicated  these  phases  do  not  exist.  (244) 


Ruthenium.  An  intermediate  phase  RuTi  (32.02  weight  per  cent  titanium)  with  a 
CsCl  (B2)-type  structure ,( 244,  246 )  a  =  3.06  A  .  has  been  identified .( 245) 


Thallium 


Palladium.  Hellner(249)  reports  the  existence  of  an  alloy  of  the  approximate 
composition  Pd^Tl  having  a  structure  of  the  NiAs  (B8)  type. 


Platinum.  The  existence  of  an  intermediate  phase  PtTl  (51.  15  weight  per  cent 
thallium)  has  been  reported( 250)  and  coufir medt 25  1 ) #  PtTl  is  isotypic  with  CoSn 
(B35  type),  a  =  5.  616  A  and  c  =  4.  648  A. (251) 

Two  eutectics,  one  at  about  98.  4  weight  per  cent  thallium  and  the  other  at  about 
40  weight  per  cent  thallium,  have  been  observed.  ( 250)  Estimates  made  on  the  basis  of 
lattice-parameter  measurements  indicated  that  there  was  a  slight  solubility  (about 
1.  5  weight  per  cent)  of  thallium  in  palladium.  ( ^51 ) 
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It  itllurn  K^al  an'*  rnpor'  the  axiatcnce  of  an  into  .'media  .o  phase, 

Ir  >T?  (38.  1 -l  wclghi  per  cent  uranium)  with  a  face  -  cc  ntc  j  cd -cubic  MrCu^  (CI5)-’ypc 
structure,  a  =  7.  49  39  *  0.0005  kX  at  20  C. 


Osmium.  The  compound  (  38  5  weight  per  cent  uranium/  has  been  identified 

as  being  of  the  face -cento  red -cubic  MgCu  »  (Cl  5)  type  with  a  =  7.4974  *  0.0005  kX  at 
24  C.U02) 

Palladium.  Catterall,  et  aJ.  ,(^3)  studied  the  palladium-uranium  system  b>- 
means  of  thermal,  metallographic ,  and  X-ray  analysis.  At  the  palladium- r  ich  side, 
a  minimum  was  observed  in  the  liquidus  curve  at  about  28  weight  per  cent  uranium  and 
1105  i  5  C,  The  palladium- rich  solid  solution  reportedly  extends  to  about  38.6  weight 
per  tent  uranium;  however,  Hansen  proposes  that  the  minimum  in  the  liquidus  corre¬ 
sponds  to  a  eutectic  point  separating  the  palladium-rich  solid  solution  from  a  face - 
ccnle  red -cubic  intermediate  phase  at  about  36.  1  weight  per  cent  (20  atomic  per  cent) 
uranium. 

A  compound,  UPd^  (42.66  weight  per  cent  uranium)  has  been  identified  as  being 
of  the  hexagonal  TiNij  (  DO  ^J-type  structure  with  a  =  5. 769  ±  0.  001  A,  and  c  =  9.  640  ± 
0.001  A  at  42.8  weight  per  cent  ( 24.  95  atomic  pe  r  cent)  uranium .  ( 252) 

The  existence  of  two  other  intermediate  phases,  l^Pd^  and  UPd,  has  been 
reported.  (  253) 


Platinum.  The  intermediate  phase,  UPtj,  is  reported  to  be  of  the  hexagonal 
M g 3 C d  (DO  1 9) -  type  structure  ,  with  a  =  5.764  ±  0 .  00  1  A  and  c  =  4.899  ±  0.001  A.  (252) 

Sailer  and  Rough(254)  report  that  retention  of  the  /3-uranium  phase  in  quenched, 
low-platinum  alloys  has  been  observed.  They  also  report  the  existence  of  the  com¬ 
pound  UPt^  of  the  hexagona.l  MgNi^  (C36)-type  structure. 


Ruthenium.  Heal  and  Williams  ( ^5  report  the  structure  of  URuj  (43.  23  weight 
per  cent  ruthenium)  is  of  the  cubic  CU3AU  (LI 3)  type  with  a  =  3.988  ±  0.002  A. 


V  anadium 


Palladium.  Greenfield  and  Beck(^®)  report  that  the  solubility  of  vanadium  in 
palladium  is  approximately  32.  5  weight  per  cent  (50  atomic  per  cent)  and  that  of 
palladium  in  vanadium  is  less  than  34.  3  weight  per  cent  (20  atomic  per  cent)  palladium. 

They  also  report  inconclusive  data  suggesting  the  existence  of  an  intermediate 
phase  of  unknown  structure. 
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Hatjmum.  An  tnvcsti^Ailun  of  (our  platinum-vanadium  alloy*  containing  between 
14.9  and  44.  1  weight  per  cent  (40  and  75  atomic  per  cent)  vanadium,  annealed  and 
quenched  from  1200  C,  revealed  the  existence  of  an  Intermediate  phase  TlVj  (41.91 
weight  per  cent  vanadium)  with  a  mrurturc  of  the  p  -  W  ( A  1  51  type,  a  ■  4.808  A. 

The  study  also  showed  that  the  solid  solubility  of  vanadium  in  platinum  Is  greater 
titan  14.9  weight  per  cent  (40  atomic  per  cent)  vanadium.  H  18) 


Rhodium.  Two  intermediate  phases  were  found  in  a  stud}  of  rhodium-vanadium 
alloys  containing  *14.  6  to  60.  0  weight  per  cent  (40  to  75  atomic  per  cent)  vanadium 
quenched  from  1200  C. 

One  of  these,  RhV-  (59.76  weight  per  cent  vanadium),  is  of  trie  cubic  fi- W  ( A  1  5 ) - 
type  structure  v.uli  a  =  4.767  A.  The  other  phase  was  found  in  an  alloy  containing 
24.  6  weight  per  cent  (40  atomic  per  cent)  vanadium  and  was  determined  to  have  a 
hcxagonal-close -packed  crystal  st rur tur e .  (  1  1  ®) 


Ruthenium.  Greenfield  and  Beck(118)  report  the  existence  of  an  intermediate 
phase  at  34.0  weight  per  cent  (50  atomic  per  cent)  vanadium  having  a  tetragonal  lattice 
with  a  -  2.  96  A  and  c  =  3.  09  A. 

The  solubility  limit  of  vanadium  in  ruthenium  is  reportedly  less  than  10  weight 
per  cent  vanadium. 

It  was  also  observed  that  a  47.  9  weight  per  cent  (  64  atomic  per  cent)  vanadium 
alloy  was  single  phase  with  the  CsCl  (132)-type  structure  and  cell  dimensions  similar  to 
those  of  the  vanadium-base  solid  s olutions  .  ( 1 1 8) 


Tungsten 


Iridium.  Raub  and  Walter(  255)  have  investigated  homogenized  alloys  c  mtaining 
5  to  95  weight  per  cent  tungsten.  One  intermediate  phase,  /3,  extending  from  22.  5  to 
55.  2  weight  per  cent  tungsten  after  annealing  at  14u0  to  1800  C  was  identified.  The 
lattice  constants  of  this  hexagonal-close-packed  phase  are:  a  =  2.736  A  and  c/a  =  1.602 
at  the  iridium  3ide,  and  a  =  2.764  A  and  c/a  =  1.  611  at  the  tungsten  side  of  the 
homogeneity  range. 

The  solid  solubility  of  tungsten  in  iridium  was  determined  as  19,  13.3,  12.4,  and 
1  1 .  3  weight  pe r  cent  tungsten  at  1800,  1300,  1  100 ,  and  900  C ,  respectively. 


Osmium.  A  study  of  eight  cast  alloys  containing  15  to  90  weight  per  cent  tungsten 
revealed  the  existence  of  an  intermediate  phase,  probably  of  the  composition  W  ps 
(74.  37  weight  per  cent  tungsten)  and  terminal  solid  solutions  extending  to  47.  2  weight 
per  cent  tungsten  and  about  5  weight  per  cent  (5  atomic  per  cent)  osmium.  (255) 

Studies  by  Raub(256)  suggest  that  W^Os  may  be  a  a-phase  with  a  =  9.933  ± 

0..  007  A  and  c/a  =  0.  515. 
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Palladium.  Ir.vnti  gallon#  of  the  palladium -lungwtcn  ay »tcm(  *  1#*  ^55)  revealrd  no 
intermediate  phane#  ar.d  #howed  that  the  aolubllity  limit  of  tungaten  in  palladium  ia 
cloar  to  JO  weight  per  cent  tungsten.  palladium  la  eaaentially  Insoluble  m  tungsten.  ( *’55) 

The  aolidua  j>oint  of  a  21  weight  j>cr  cent  tungsten  ailoy  was  obaerved  to  be 
•  lightly  below  MOO  C. 


Platinum.  A  atudy  of  ft  into  rod  platinum- tungsten  alloys  by  Jaffce  and  Nlulaon^^^^ 
showed  the  maximum  solubility  of  tungsten  in  platinum  to  be  about  62  weight  per  cent, 
and  that  of  platinum  in  tungsten  between  4  and  6  weight  per  cent  platinun  at  the  solidus 
te  mpe  raturc . 

Nemilov  and  Rudnit sky  (^4)  gu^gC8t  the  existence  >>f  an  ordered  phase  WPt^ 
above  24.  5  weight  per  cent  (25  atomic  per  cent)  tungsten,  based  on  hardness  and  mi¬ 
croscopic  data. 


Rhodium .  A  study  of  rhodium-tungsten  alloys  containing  5  to  80  weight  per  cent 
tungsten  revealed  the  existence  of  the  following  phases: 

A  terminal  solid  solution  of  tungsten  in  rhodium  up  to  20  weight  per  cent 
tungs  ten . 

A  hexagonal-close-packed  phase  with  a  homogeneity  range  of  about  30.  3 
to  60.4  weight  per  cent  tungsten. 

A  terminal  solid  solution  of  rhodium  in  tungsten  up  to  about  7. 8  weight 
per  cent  rhodium. 

Greenfield  and  Beck^^®)  report  the  lattice  parameters  of  the  hexagonal  phase  are 
a  =  2.  708  A  and  c  =  4.  328  A  at  30  weight  per  cent  (19.  2  atomic  per  cent)  tungsten. 


Ruthenium.  No  intermediate  phase  was  observed  in  a  study  of  six  ruthenium- 
tungsten  alloys  containing  10  to  70  weight  per  cent  tungsten.  (  255)  The  solubility  of 
tungsten  in  ruthenium  after  annealing  at  1400  C  was  found  to' be  about  51.  2  weight  per 
cent  tungsten. 

Obrowski( --58)  reports  the  existence  of  a  o-type  phase  of  the  approximate  com¬ 
position  W-^Ru^  (73  weight  per  cent  tungsten),  which  decomposes  eutectoidally  into 
ruthenium  and  tungsten  below  1650  C.  The  lattice  parameters  are  a  =  9.  55  A  and 
c /a  =  0.  52. 


Zinc 


Osmium.  Debray'  ^5y)  reports  that  osmium  and  zinc  do  not  form  a  compound, 
based  on  the  fact  that  osmium-zinc  alloys  treated  with  dilute  HC1  had  a  residue  of  pure 
osmium. 
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Palladium.  The  i  alladSum * t Use  •  yptrm  U  iharaettsri&ed  by  ihtf  dusIpucp  of 
srvrral  intermediate  phaeca,  one  of  which  l#  a  y-bra&a-tyjK  |»hn#r  including  the  ideal 
composition  Ptlij?.roj  (72.  Oil  weight  per  cent  rinc).d!,Q) 

'1  he  solid  ttolubility  of  zinc  in  palladium  is  about  5.  5  weight  ;>or  cent  sine  a 
530  C  and  about  12  weight  per  cent  zinc  at  780  C.d^l) 


Platinum.  The  solubility  of  zinc  .n  platinum  has  been  found  to  be  g:  cate  than 
about  7  and  lean  than  about  10  weight  {>cr  cent  zinc.  The  existence  of  ncvcral  inter¬ 
mediate  phases  has  been  reported.  These  are  tabulated  below: 

V  -  Face-rente  reel  tetragonal  of  the  CuAl  (l.lg)  type.  axial  ratio  u-:- 
creaaes  from  about  0.954  at  the  platinum  -  rich  side  to  0.860  on 
the  /.me -rioii  aided  09) 

'  -  PtZn^,  similar  to  AIB^  (C32)  type  with  a  =  4  11  A  and  c  =  2.  744  A 
at  38.8  weight  per  cent  (64.7  atomic  per  cent)  sincd09) 

-  Similar  to  f,  but  of  lower  symmetry! 

7  -  7-brass -type  structure!  <^0) 

-  Designated  as  Pt^Zn^j  59.0  weight  per  cent  (80.77  atomic  per 
cent )  zinc  a  =  18.116  a!  *  ^9  ,  260) 

PtZng  -  73.8  weight  per  cent  (88.89  atomic  per  cent)  zinc,  phase  richest 

in  zinc;  complicated  diffraction  pattern  indicating  low  symmetry .!  1  09) 

In  addition,  evidence  of  an  ordered  phase  P^Zn  isotypic  with  CU3A1J  (Ll^)  type, 
a  =  3.89  A,  and  forming  at  about  800  C ,  has  been  found .(109) 


Rhodium.  Ekman(260)  reports  the  existence  of  a  phase,  probably  of  the  ideal 
composition  R-h^Zn^  j  (72.74  weight  per  cent  zinc),  of  the  7-brass-type  structure. 


Zirconium 


Iridium.  The  existence  of  an  intermediate  phase  Zrlr2  (19.  11  weight  per  cent 
zirconium)  which  is  isotypic  with  MgZn2  (C14)  type  has  been  reported .( 262) 

Nevitt  and  Schwartz!  ^80)  rep0rt  the  existence  of  a  T^Ni-type  phase  in  the  region 
34.  5  to  44  weight  per  cent  iridium.  The  stability  of  this  phase  appears  to  be  affected 
by  oxygen  content;  high  oxygen  levels  promoting  stability. 


Osmium.  Wallbaum!  262)  reports  the  existence  of  the  intermediate  phase  ZrOs2 
(19. 34  weight  per  cent  zirconium)  which  is  isotypic  with  MgZn2  (C14)  type,  with 
a  =  5.  189  A  and  c  =  8.  526  A. 


BATTELL  E 


MEMORIAL 


INSTITUTE 


100 


Palladium  Nevttt  ami  Schwariet*^,  in  an  .nventigaiion  of  the  occurr«?nc«  of  a 
-iypo  mructuro  in  palladium- tlrconium  alloy*,  rcjjor:  thi*  phase  doc*  nos  exist  in 
alloy*  containing  23  to  44  weight  per  cent  palladium  annealed  at  700  to  1100  C.  A  phasr> 
vk4t  found  at  40.  5  weight  per  cent  pa  ladium  that  ****  tentatively  indexed  a*  body- 
centered  tetragonal  with  a  =  3.  28  A  and  c  ■  3.  32  A.  ( “®®) 


Platinum.  The  intermediate  phase  ZrPtj  (13.48  weight  j«r  cent  zirconium), 
tnotypic  with  TIN j  (  DO24)  type,  with  a  =  5.  644  A  and  c  =  9.225  A,  ha*  been 
identified.  (^44) 

A  atudy  of  platinum-zirconium  alloy*  containing  28  to  47.  5  weight  per  cent 
platinum  annealed  at  600  C  revealed  the  existence  of  an  unidentified  phase  at  38.  5 
weight  per  cent  platinum  and  240  ppm  of  oxygen.  X-ray  needles  oi  34.5  and  41.5 
weight  per  cent  platinum  alloy3  containing  6000  ppm  of  oxygen  exhibited  a  Ti^Nt-type 
structure  with  a  lattice  parameter  of  12.574  ±  0.006  A  in  41.5  weight  per  cent  platinum 
al  ioy . 


Rhodium.  Nevitt  and  Schwartz  report  the  existence  of  an  unidentified  phase  in 
equilibrium  with  the  zirconium  solid  solution  in  a  32.5  weight  per  cent  rhodium  alloy 
after  annealing  at  950  C. 

Upon  reannealing  X-ray  needles  of  alloys  containing  22  and  24  weight  per  cent 
rhodium  exhibited  a  T^Ni-type  structure  with  a  lattice  parameter  of  12.476  ±  0.001  A 
for  the  22  weight  per  cent  rhodium  alloy. 

The  oxygen  content  of  the  X-ray  needle  was  6400  ppm  and  the  oxygen  content  of 
the  massive  32.5  weight  per  cent  rhodium  aLloy  was  427  ppm,  indicating  that  oxygen 
may  stabilize  the  TipNi-type  phase  in  zirconium-rhodium  alloys. 


Ruthenium.  Hellawell  and  Hume -Rothery(  203)  report  the  solubility  oi  zirconium 
in  ruthenium,  in  alloys  strain  annealed  at  1050  C,  at  between  0.  31  and  0.  45  weight 
per  cent  zirconium. 

The  existence  of  the  intermediate  phase  ZrRu^  (30.96  weight  per  cent  zirconium), 
isotypic  with  MgZn;?  (C14)  type  with  a  =  5.  141  A  and  c  =  8.  507  A  has  been  reported  by 
Wallbaum.  (^62) 


Mechanical  Properties  of  Alloys 


The  mechanical  properties  of  the  platinum- group  meted  alloys  have  not  been 
studied  to  a  great  extent,  although  a  great  deal  of  attention  has  been  focused  on  alloying 
to  increase  the  strength  and  hardness  of  platinum  and  palladium  for  use  in  jewelry  and 
electrical  applications. 

Platinum  and  palladium  are  most  commonly  alloyed  with  other  members  of  the 
platinum-group  metals,  although  there  are  several  other  mecals  which  impart  greater 
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#olltl  -  «olu:  ion  strengthening.  A  summary  of  the  effee:  of  various  Alloying  element#  on 
the  hardness  of  platinum  and  palladium  id  presented  in  I  able  IS.  This  table  wa«  con¬ 
structed  by  plotting  the  hardness  data  of  several  investigator*  against  alloy  content  and 
then  picking  the  hardness  valued  from  the  curve*.  Thla  enable*  an  approximation  of  the 
hardnran  at  acvcral  alloy  contentd  although  data  for  only  a  single  alloy  may  be  given. 

The  data  arc  pranumablv  for  the  alloy  in  it*  softest  condition  no  that  in  interpreting  the 
solid- solut ion  hardening  of  the  various  alloying  element*,  the  variable*  of  rate  of  work 
hardening  and  heat -treatment  response  are  elirmnated. 

Of  the  alloying  element*  presented,  chromium,  nickel,  and  ruthenium  appear  to 
be  the  moa*  effective  hardeners  (in  platinum).  Silicon  also  in  an  extremely  effective 
hardener.  The  four  clcmcnta,  arsenic,  boron,  silicon,  and  phoBphorua,  in  addition  to 
imparting  high  hardness,  form  low-melting  eutectics  with  platinum,  and,  in  the  case  of 
t!  e  latter  three,  with  palladium  and  all  of  the  other  platinum- group  metals. 

.iedele(  263)  reports  that  small  additions,  on  the  order  of  impurity  levels,  of  phos¬ 
phorus  and  sulfur  to  platinum  and  palladium  result  in  a  significant  increase  in  strength 
and  reduction  in  ductility  both  at  room  temperature  and  850  C. 

Voronow^ 264)  also  reported  that  the  addition  of  0.  1  per  cent  silicon  to  platinum 
increased  the  hardness  from  25.2  to  132  Bhn. 

Information  on  the  effect  of  alloying  elements  in  what  would  be  considered  "im¬ 
purity  levels"  on  the  mechanical  properties  of  the  platinum  metals  is  rather  scarce. 
Some  insight  into  the  effect  of  impurities  on  mechanical  properties  can  be  gained  by 
examining  the  tensile  data  for  the  various  commercial  grades  of  platinum  and  palla¬ 
dium.  Platinum  is  produced  in  four  grades,  Grade  1  containing  99.99  per  cent  plati¬ 
num  and  the  other  grades  containing  increasing  amounts  of  the  other  platinum  metals; 
namely,  rhodium  and  iridium.  Grade  4  platinum  contains  at  least  1  per  cent  of  other 
platinum-group  metals  plus  nickel,  calcium,  and  silicon.  Compared  with  an  annealed 
tensile  strength  of  18,000  psi  for  Grade  1  platinum,  tensile  strengths  of  about  20,000- 
22,000  and  30,000  psi  have  been  recorded  for  Grades  2  and  4  platinum,  respec¬ 
tively.  (7)  The  tensile  strength  of  pure  palladium  is  about  27,000(7)  pgi  as  compared 
with  28,000(7)  to  30,000(45)  pgi  for  commercial  palladium.  These  data,  unfortunately, 
give  no  indication  of  the  effect  of  dissolved  interstitials,  oxygen  and  hydrogen,  on  the 
properties  of  these  metals. 

The  effect  of  systematic  additions  of  other  platinum- group  metals  to  platinum 
has  been  studied  by  several  investigators.  Table  16  is  a  summary  of  their  data.  The 
variations  in  properties  are  most  likely  due  to  differences  in  the  purity  of  starting 
materials,  heat-treatment  condition,  and  fabrication  history. 

In  addition  to  the  data  in  Table  16,  data  are  also  available  on  the  properties 
of  commercial  alloys.  These  are  far  too  voluminous  and  specialized  to  be  mentioned 
here.  The  Platinum  Metals  and  Their  Alloys(7)  contains  tensile  and  hardness  data  for 
numerous  alloys  of  commercial  interest.  In  addition,  company  data  sheets  describing 
dental,  jewelry,  and  electrical  alloys  are  excellent  sources  for  property  data. 

Although  t.i.  .  e  are  no  property  data  available  for  alloys  of  the  refractory 
platinum -group  metals,  it  should  not  be  assumed  that  there  are  no  alloys  of  these 
metals  available.  In  many  cases,  iridium  and  ruthenium  alloys  are  UBed  in  applications 
requiring  extremely  high  hardness,  such  as  pen  nibs;  information  from  the  patent 
literature  on  these  alloys  does  not  disclose  what  is  considered  significant  property  data. 
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1ABLB:  15.  EFFECT  OF  ALLOY  ADDITIONS  ON  THE  HARDNESS  OF  ANNEALED 
PLATINUM  AND  PALLADIUM 


Ha  r  dn 

e  88  of  Plati  - 

Hardness  of 

Pa  11a- 

num , 

VHN, 

Afte  r 

dium , 

VHN, 

Afte  r 

Indicated  Addition, 

Indicated  Addition, 

Alloy 

weiK 

ht  per 

cent 

weig 

ht  per 

cent 

Addition 

1  0 

5.  0 

10.  0 

References 

1. 0 

5.  0 

10.  0 

Re fe  ronces 

Si  lve  r 

48 

80 

160 

(266) 

46 

63 

77 

(7) 

Gold 

50-55 

100 

142 

(267) 

46 

50 

56 

(7) 

Coppe  r 

50-55 

90 

1  30 

(11),  (268),  (269) 

50-52 

72 

90 

(7) 

Chromium 

50-55 

1  25 

212 

(270) 

50-52 

70 

102 

(275) 

Cobalt 

50-55 

92 

1  35 

(271),  (  272) 

-- 

-- 

-- 

1 

Iron 

4 

65 

90 

(273) 

49 

62 

80 

(276)  J 

Manganese 

-- 

-- 

53 

85 

79 

(277) 

(7) 

Nickel 

50-55 

105 

185 

(7) 

50-52 

80 

130 

I  r  idium 

50-55 

99 

1  39 

(27  4) 

50-52 

63 

85 

(274)  J 

Palladium 

45 

62 

77 

(27  4) 

-- 

-- 

-- 

1 

Rhodium 

48 

70 

92 

(27  4) 

48 

57 

68 

(278) 

Ruthenium 

60 

130 

190 

(274) 

52 

90 

169 

(274) 

O  smium 

60 

120 

175 

(27  4) 

49 

62 

80 

(274)  . 

Antimony 

-- 

50-52 

73 

102 

(7)  | 

Silicon 

70 

225 

(264) 

I 

$ 
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TABLE  16.  EFFECT  OF  ADDITIONS  OF  PLATINUM-GROUP  METALS  ON  THE 
TENSILE  STRENGTH  OF  ANNEALED  PLATINUM 


Alloy  Composition 

(Balance  Platinum),  Ultimate  Tensile 


weight  per  cent 

St  rengt  h  ,  1 000  pai 

Referenced 

Platinum 

18 

(274) 

5  iridium 

40 

(274) 

1  0  iridium 

55 

(274) 

1  0  i  r  idium 

77 

(279) 

15  ir  idi  um 

75 

(274) 

20  iridium 

100 

(274) 

20  iridium 

99 

(279) 

25  iridium 

125 

(274) 

30  iridium 

160 

(274) 

5  palladium 

34 

(7) 

1C  palladium 

45 

(7) 

15  palladium 

49 

(7) 

20  palladium 

52 

(7) 

25  palladium 

53 

(7) 

30  palladium 

54 

(7) 

35  palladium 

54 

(7) 

4C  palladium 

53 

(7) 

3 .  5  rhodium 

25 

(274) 

5  rhodium 

30 

(274) 

5  rhodium 

35.  2 

(6) 

10  rhodium 

45 

(274) 

10  rhodium 

46.  2 

(6) 

10  rhodium 

66 

(279) 

13  rhodium 

50.6 

(6) 

20  rhodium 

70 

(274) 

20  rhodium 

59.4 

(6) 

30  rhodium 

66.  0 

(6) 

3  ruthenium 

42 

(274) 

5  ruthenium 

60 

(274) 

10  ruthenium 

85 

(274) 

10  ruthenium 

110 

(279) 
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home  elevated -temperature  mechanical  proportion  of  platinum  anti  palladium 
alloy*  have  boon  deter  mined. 

Hclnarhor(  55)  determined  the  20-hour  rupture  ntrenn  o i  throe  platinum  alloyn, 
platinum*  5  iridium,  plntinum-4  palladium,  platinum-5  rhodium,  at  temperatures  up  to 
1250  C.  All  three  alloys  showed  an  improvement  in  20-hour  rupture  stress  o\er  pure 
platinum,  the  iridium  alloy  boing  superior  up  to  500  C  and  the  rhodium  alloy  being 
slightly  superior  at  higher  temperatures. 

Bennett^)  has  studied  the  short-time  creep  behavior  at  1*100  C  of  platinum  and 
platinum  -  rhodium  alloys  containing  up  to  *10  per  cent  rhodium.  The  addition  of  rhodium 
markedly  increased  the  1-  and  10-hour  rupture  stress  over  that  of  pure  platinum.  The 
difference  between  the  10-hour  rupture  stress  for  20  and  40  per  cent  rhodium  alloys, 
however,  was  only  50  psi,  indicating  that  the  proportionately  greater  improvement  in 
creep  strength  occurs  with  the  addition  of  only  a  few  per  cent  rhodium;  further  addi¬ 
tions  contribute  relatively  little  to  the  creep  behavior.  Bennett  also  observed  that  the 
addition  of  rhodium  reduced  the  grain  growth  under  stress,  thus  reducing  the  grain¬ 
boundary  sliding  which  leads  to  brittle  fracture.  However,  the  addition  of  5  per  cent 
rhodium  did  result  in  intercrystalline  cracking.  The  report  did  not  mention  whether 
such  cracking  persisted  in  the  higher  rhodium  alloys. 

Although  no  extensive  grain  growth  ana  grain-boundary  sliding  were  observed  by 
Bennett  in  the  platinum- rhodium  alloys,  it  should  be  pointed  out  that  examination  of 
failed  platinum-rhodium  thermocouple  wires  has  revealed  grain  growth  resulting  in 
grains  as  large  as  the  wire  diameter  and  attendant  grain-boundary  sliding. 

Other  investigations  of  the  creep  properties  of  platinum-platinum-group  metal 
alloys  have  been  made  by  Albert  and  Sadowski(^)  and  Stauss(58).  Albert  and  Sadowski 
investigated  the  stress -rupture  properties  of  platinum- 1 0  ruthenium,  platinum-10 
iridium,  and  platinum  10,  -20,  and  -40  rhodium  alloys  at  927  C. 

This  study  revealed  that  the  platinum- 10  ruthenium  alloy  is  far  superior  to  plati¬ 
num  inn  the  other  alloys  on  the  baBis  of  rupture  life  at  a  given  stress  level.  The  addi¬ 
tion  of  10  per  cent  iridium  resulted  in  somewhat  better  properties  than  did  the  addition 
of  1C  per  cent  rhodium.  The  addition  of  20  and  40  per  cent  rhodium  increased  the  rup¬ 
ture  life  considerably,  when  compared  with  the  platinum- 10  rhodium  alloy,  with  an 
attendant  loss  in  ductility.  This  is  not  entirely  in  agreement  with  Bennett's  data, 
which  show  only  a  very  slight  improvement  in  creep  properties  with  rhodium  additions 
above  10  per  cent. 

Stauss^-®),  in  a  study  of  platinum- 10  rhodium  and  platinum- 10  iridium  alloys  at 
1100  C,  showed  that  the  iridium  alloy  has  slightly  better  creep  properties  tl  an  the 
rhodium  alloy  except  at  very  low  stress  levels,  where  both  alloys  have  appr oximately 
equivalent  rupture  levels.  Both  of  the  alloys  have  considerably  better  creep  properties 
than  pure  platinum.  Stauss  observed  that  both  the  platinum- 10  iridium  and  platinum -10 
rhodium  alloys  showed  a  change  in  slope  in  the  log  stress  versus  log/rupture  time 
curve  at  a  rupture  time  of  about  10  minutes.  He  observed  that  this  break  corresponded 
to  the  change  from  transgranular  to  intergranular  fracture,  and  attributed  this  to  a 
propensity  to  oxidation  of  the  alloy.  Another  break,  resulting  in  a  decreasing  slope, 
is  observed  at  a  rupture  life  of  about  10,000  minutes.  This  increase  in  rupture 
strength  presumably  is  due  to  strengthening  by  oxidation. 
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has  studied  the  effect  of  addition#  of  gold  and  gold  phi#  0.  5  per  cent 
rhodium  on  the  creep  characteristic#  of  platinum  at  9U0  C.  The  addition  of  0.  5  per  cent 
rhodium  increased  the  100-hour  rupture  stress  by  a  factor  oi  about  1.5,  or  increased 
the  rupture  life  at  a  given  stress  level  by  about  4  or  5  time#,  without  affecting  ductility. 
The  addition  of  gold  also  improved  inc  creep  properties  of  platinum,  an  addition  of 
5.0  per  cent  gold  increasing  the  100-hour  rupture  stress  by  greater  than  a  L.ctor  of  3. 
The  addition  of  gold  also  resulted  in  intc  re  ryat  a  LI  Inc  cracking.  An  addition  of  0.  5  per 
cent  rhodium  to  the  platinum  -  gold  alloys  did  not  appreciably  alter  the  creep  character¬ 
istics  or  the  tendency  toward  Intercry utalllnc  cracking. 

An  interesting  development  in  improving  the  creep  characteristics  of  . 

wires  has  been  reported  recently.  Middleton,  Pfeil,  and  Rhodes^®)  have  reported  that 
sintered  platinum  has  properties  superior  io  those  of  platinum  prepared  by  conventional 
techniques . 

Creep-rupture  tests  of  cold-drawn  wires  showed  that  the  rupture  life  of  conven¬ 
tionally  prepared  platinum  was  120  hours  at  1400  psi,  whereas  the  sintered  platinum 
had  a  rupture  life  of  670  hours  a*.  5000  psi.  More  important,  the  elongation  during 
testing  was  approximately  10  per  cent  in  20  centimeters  for  conventionally  prepared 
platinum  at  1400  psi,  while  the  sintered  platinum  had  less  than  1.0  per  cent  elongation 
at  5000  psi.  The  sintered  platinum  had  a  fine  fibrous  structure  after  testing  compared 
with  the  large -grained  structure  usually  observed  in  conventional  platinum. 

More  recent  developments  along  these  lines  have  been  made  by  fabricating  sin¬ 
tered  platinum-10  rhodium  and  platinum-10  rhodium -0.  025  oxide  alloys  that  appear  to 
have  especially  good  creep  resistance.  Commercial-sintered,  dispersion-hardened, 
platinum  alloys  with  increased  creep  properties  and  excellent  thermoelectric  proper¬ 
ties  are  now  available  for  thermocouples.  The  increased  strength  at  temperature  re¬ 
duces  the  number  of  failures  due  to  insufficient  strength  in  the  platinum  leg  of 
thermocouples . 

Belyaev(^65)  aiso  has  reported  greatly  increased  strength  with  no  reduction  in 
ductility  in  sintered  platinum  wire  hardened  by  dispersions  of  AI2O3,  BeO,  BaO,  and 
Zr02  in  concentrations  up  to  0.  5  per  cent. 
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